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ABSTRACT

Investigation of intracellular properties is very important since deemed
to provide significant information that contributes to the biology applications
such as drug delivery and cancer diagnosis. The purpose of this study is to
realize various manipulation and injection of fluorescence sensor into a
selective target cell using optical control of zeta potential and utilizing
multiple wavelength lights, and development of a hydrogel fluorescence
sensor for prolonged stable temperature measurements for achieving the
measurement system of physiological parameters in the cellular environment.

Chapter 1 introduces the background of the research and the previous
study of this thesis. After explaining the importance of manipulation, injection,
and measurements of micro-nanoparticles in single cell analysis, the
fluorescence-based sensors using micro-nanoparticles, and the problems of
conventional manipulation and injection of micro-nanoparticles into cells for
intracellular measurements were discussed. Besides, the features of optical
control in manipulation and injection of micro-nanoparticles into cells for
intracellular measurements also described. Finally, the purpose of the research
and the outline of the thesis are described.

Chapter 2 presented a new method of manipulation and injection of
fluorescence microsensors into cells using glass nanoprobe and optical control
of zeta potential. As a demonstration, a single microsensor of 750 nm diameter
was picked-up using a glass nanoprobe with optical control of the zeta
potential. Then, the microsensor was transported and immobilized onto a

target cell membrane. After that, it was injected into the cytoplasm using NIR
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laser at 1064 nm wavelength. The success rate of pick-up and cell
immobilization of the microsensor were compared, and the cell injection and
cell survival rates were evaluated.

In Chapter 3, the author proposed the manipulation and injection of the
fluorescence microsensor into cells using multiple wavelength lights. The
sensor made of 1 um diameter polystyrene particle-containing Rhodamine B
and an infrared (IR: 808 nm) absorbing dye. The polystyrene particle can be
manipulated with optical tweezers by 1064 nm laser to the target cell. After
being transported to the cell membrane, the fluorescence microsensor is
heated by 808 nm laser and injected into the cell by melting the cell membrane.
The manipulation and injection of the microsensor to the MDCK cell by 1064
nm and 808 nm laser were demonstrated. The result showed a high success
rate (70%), low invasive and rapid injection within 10 s. From these results, the
effectiveness of the proposed cell injection of fluorescence microsensor using
multiple wavelength lights were confirmed.

In Chapter 4, the author presented a hydrogel fluorescence microsensor
for prolonged stable temperature measurements. In this work, a
photobleaching compensation method based on the diffusion of fluorescent
dye inside a hydrogel microsensor is proposed. The factors that influence
compensation in the hydrogel microsensor system are the interval time
between measurements, material, the concentration of photo initiator, and the
composition of the fluorescence microsensor. These factors were evaluated by
comparing a polystyrene fluorescence microsensor and a hydrogel
fluorescence microsensor, both with diameters of 20 pum. The effect of
microsensor size on the stability of the fluorescence intensity was also
evaluated. The hydrogel fluorescence microsensors, with sizes greater than the

measurement area determined by the axial resolution of the confocal
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microscope, showed a small decrease in fluorescence intensity, within 3%,
after 900 measurement repetitions. The temperature of deionized water in a
microchamber was measured for 5,400 s using both a thermopile and the
hydrogel fluorescence microsensor. The results showed that the maximum
error and standard deviation of error between these two sensors were 0.5 °C
and 0.3 °C, respectively, confirming the effectiveness of the proposed method.

Chapter 5 gives the conclusions of this study and the future works were
discussed.

In conclusion, the proposed methods allow the manipulation and cell
injection of a single microsensor to be used as a carrier for intracellular and
extracellular measurement, especially in biological and biomedical

applications such as drug delivery and cancer diagnosis.
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Chapter 1

Introduction

1.1  Single Cell Analysis

Cells play a significant role in our daily life. The interactions of cells,
the cellular responses of organelles to molecules, and their intracellular
behavior are important, especially in biological and biomedical research.
Many biological experiments are performed on groups of cells with the
assumption that all particular cells are identical. However, the latest evidence
shows that heterogeneity exists within small cell populations [1,2]. Individual
cells can differ in terms of size, protein levels, and ribonucleic acid (RNA). For
example, research concerning the differentiation behaviors of stem cells or the
metastatic processes of tumor initiation requires detailed information [3-5].

Understanding genomic sequence information at a single cell level can



stimulate an understanding of how individual parts of a cell are integrated
into time and space to form dynamic cellular processes [6-8]. The connection
between cellular heterogeneity and signaling pathway regulation may affect
an understanding of disease states that can potentially drive therapeutic
interventions. Therefore, single cell analysis has been emerging as the essential
method of investigating exciting new insights into genes, transcripts, proteins,
metabolites, lipids, and interactions [9].

The single cell is the basic unit of living organisms that is structural,
functional and biological. Cell study is a natural step in reducing the way
organisms are studied [2]. Many review articles have been reported to discuss
the problems and trends of single-cell analysis from the biological and
biomedical perspectives [6,7,9,10]. Individual cells within the same population
may differ dramatically, and these differences may have important
consequences for the function of the entire population. The single-cell study
would provide an objective interpretation of the cell's behavior as one cell is
being analyzed at a time. Experimental approaches to single-cell analysis are
required to address significant differences and ultimately improve the
detection and treatment of diseases. These variations can be caused by genetic
alterations and micro-environmental differences in individual cells [11].

Single cell analysis is used in various applications such as single-cell
isolation, mechanical performance, micro-nano environment, and biological
properties, as shown in Figure 1.1 [12-16]. For example, direct and quantitative
single-cell analysis of Type 1 human immunodeficiency virus reactivation
from latency was studied and showed that the following stimulation with pro-
inflammatory cytokines could be uncoupled with cell activation and virus
reactivation [17]. In addition, the smart-sequence approach was used to profile

full-length messenger RNA (mRNA) from single cells by examining



circulating tumor cells (CTCs) from melanomas and recognizing distinct
signatures of gene expression as well as alternative disease-specific splicing
events [18]. Recently, single-cell research focused on the microfluidic chip
equipped with high-performance and high-precision automation systems
have been extensively studied [19,20]. Single cell analysis is therefore essential
in order to systematically characterize a cell's state, identify natural cell-to-cell
variability, measure the impact of environmental stimuli, understand cellular
responses in tissues and complex environments, and resolve limitations in

measurement approaches.

Single cell isolation Mechanical
* Flow cytometry performance

* Microarray * Morphology analysis

» Micromanipulation e Youna's modlillis
» Microfluidic chip . Cell Sﬂress

+ Cell elasticity

Single cell analysis

Micro environments Biological properties

* pH gradient * Genomics and
» Temperature distribution sequencing
« lonic level * Transcriptomics

+ Oxygen consumption * ATP levels
» Cell organ activity

Figure 1.1 : Applications of single-cell analysis in various fields [12-16].
ATP: Adenosine triphosphate.



1.2  The Importance of Manipulation, Injection, and Measurements of

Micro-Nanoparticles in Single Cell Analysis

The cellular analysis brings critical knowledge to modern biological
and biomedical sciences. The conventional cellular analysis only probes the
average response from the whole cell group. This potentially produces
misleading readouts from a cell group with diverse outputs across the same
type of cell heterogeneity [20]. Moreover, a specific cell type can have a few
subsets. For example, T-cells are categorized into few subsets according to
their distinct functions such as cytotoxic cells, helper cells, and regulatory cells
[21]. To address the above problems, single-cell analysis techniques have been
developed to analyze various cellular functions in a large cell population at an
individual cell level.

Recently, manipulation and low-invasive cell injection of a single
nanosensor have received extensive attention due to the significant influence
on biological and biomedical applications [22]. For example, the measurement
of the environment properties of the virus-infected cell is one of the most
important issues to investigate virus proliferation mechanism [23] and
develop new medicines and diagnosis such as diagnostic tools in ocular
allergy [24], point of care testing (POCT) [25], and microbiome in cancer [26].
In particular, investigation of intracellular properties is deemed to provide
significant information [27,28].

The intracellular chemical environment such as temperature [29,30], pH
[31] and concentration of oxygen [32] fundamentally regulates cell events
including cell division, gene expression, enzyme reaction and metabolism.
Research has shown that temperature plays a major role in many cell events

and correlates with cell state and cellular functions [27]. Similarly, the



intracellular pH modulates the function of many organelles and plays a key
role in many environments and pathological processes [33,34]. Even a very
small change in temperature or pH values may cause a difference in cell
reactions. For example, the presence of specific strains of microorganisms in
the tumors could provide us with a vital clue that connects spontaneous
regression with microorganisms [35]. The micro-nano scale thermometers
have been developed for thermal sensing and imaging of living cells and
biological tissues [36]. The intracellular pH of MDCK cells dropped by 0.3 to
0.4 between 3 and 5 hours after influenza virus infection [23]. Highly reliable
identification, imaging and control of reactive oxygen species (ROS) in
subcellular organelles are critical to understanding the biological functions of
ROS and discovering the pathogenesis of certain diseases [37]. Besides,
evaluation and correction the impact of photobleaching to improve the
accuracy of pharmacokinetic parameter estimates in drug delivery application
[38]. Therefore, measurements of the intracellular environment such as
temperature, pH and oxygen can provide critical information on cell activities.

On the other hand, a fluorescence indicator is widely used to stain
either whole or part of a cell for intracellular measurement [39,40].
Fluorescence measurement enables spatiotemporal measurement of various
properties such as temperature, pH, ion concentration depending on the
fluorescence intensity and lifetime [41,42]. However, there are some
disadvantages such as the difficulty of concentration control of fluorescence
indicator and photobleaching of fluorescence intensity. Encapsulation of
fluorescence indicator into micro-nanoparticles achieves the concentration
control [43]. Fluorescence micro-nanoparticles sensor can be designed based
on its size, shape, measurement parameters according to the purpose.

However, manipulation and injection of the arbitrary fluorescence sensor to a



particular cell are difficult tasks [43]. Therefore, the key issues for accurate
intracellular measurement are manipulation and injection of the specific
nanoparticles with high-throughput and low invasively [44]. In this study, the
measurement system includes the manipulation and injection of a
fluorescence nanoparticle by optical control will be discussed and
demonstrated. Relevant information will be briefly explained in the following
sub-topic in this chapter whereas a detailed explanation of the application will

be discussed in the following chapter.

1.3  Fluorescence-based Sensors using Micro-Nanoparticles in Single

Cell Analysis

Fluorescence microscopic imaging is a commonly used approach to
visualize cells and organelles and to study intracellular interactions. There a
wide range of available organic fluorophores and fluorescent proteins can be
selectively inserted into cell or marker, and so-called optical sensor [45,46].
Many types of sensors were developed for an instant for single-cell study,
including electrical, mechanical, electrochemical, magnetic, and fluorescence.
Fluorescence-based optical sensors are suitable for single-cell measurement
compared to these sensors because they do not need interconnection for data
acquisition [47-49].

The fluorescence-based sensor transmits this information when the
temperature of the luminescent material changes resulting in fluorescence
intensity changes, excitation range, lifetime, or fluorescence wavelength [50—
52]. For example, intracellular and low-invasive measurement using micro-
nano particles impregnated with fluorescence indicators [53-56]. While small

molecule indicators have several problems, such as rapid leakage, lack of



membrane permeability and low photo-stability or sensitivity to ionic strength
[57], in their practical applications these problems have been limited.
Therefore, fluorescence-based micro-nano particles have great potential as
sensors carriers in medicine and biotechnology since multiple indicators can
be attached to a single particle [57]. Moreover, a variety of organic (i.e polymer,
liposome, gel) and inorganic (i.e silica, magnetic, metallic) types of micro-
nanoparticles can be fabricated as a sensing element in intracellular

measurement and cell targeting [58,59].

1.3.1 Polymeric micro-nanoparticles

Polymeric nanoparticles are important carriers for anticancer drug
delivery and extensively investigated due to their advantages in long
circulation, passive targeting, and diversity [60]. For example, fluorescent
polymeric has been used in various situations to immobilize molecular probes
and sensor nanoparticles for temperature [50]. In particular, Bradley et al.
demonstrated that amino-functionalized polystyrene microspheres filled with
fluorescein are used in live cells for real-time pH measurement. [61]. The use
of these sensors immobilized covalently onto polymeric particles allows the
analysis of intracellular activities over a long period of time.

Oyama et al. fabricated fluorescent nanoparticles so-called walking
nanothermometers for spatio-temporal temperature quantity of transported
acidic organelles in single cells. Fluorescent nanoparticles have been fabricated
by impregnating poly(methylmethacrylate) (PMMA) network with
temperature-sensitive peroxide, as shown in Figure 1.2. The fluorescence
nanoparticles internalized into HelLa cells via endocytosis, then enclosed in
acidic organelles before transported along microtubules, can observe

temperature changes to pH values and ionic strength [62]. Recently, Takei et



al. Here, developed a ratiometric nanothermometer (RNT) for intracellular
temperature measurement in real-time. Both the thermos-sensitive
fluorophore and the thermo-insensitive fluorophore which was used as a self-
reference, are embedded in a polymeric particle that shields the fluorophores

from intracellular conditions [12].
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Figure 1.2 : Properties of nanothermometer.

(a) Schematic of the fluorescent nanothermometer; (b) The core of nanothermometers
observed by the transmission electron microscopy; (c) Fluorescence spectrum of the
nanothermometers dispersed in PBS (pH 7.4) at various temperatures. Fluorescence intensity
was measured at excitation 341 nm and emission 613 nm; (d) Schematic of the micro heating
system for the measurement of the response speed of the nanothermometers on the glass
slide. IR-laser beam focused on a microheater, the aggregation of aluminum particles (grey
sphere) at the tip of a glass micro-needle (blue), generates local temperature gradients. The
bright (yellow) and dark (brown) nanothermometers illustrate high and low fluorescence
intensities, respectively; (e) Time course of the fluorescence intensity responding to the
abrupt temperature increase and decrease induced by the microheater. Bottom, enlarged
view at the time indicated [62].

1.3.2 Liposome micro-nano particles

Liposomes are the best clinically well-known nanoscale delivery
systems that are used to convey cytotoxic and anti-fungal drugs, genes,
vaccines and imaging agents [63,64]. Liposome micro-nanoparticles hybrids

are structurally diverse nanosystems offering a wide variety of opportunities



for engineering to achieve specific biological functions. Figure 1.3 shows an
illustration of three different methods to engineer liposome micro-
nanoparticle hybrids. Hydrophobic nanoparticles can be embedded in the
lipid bilayer (left), encapsulated in the aqueous core (right), and nanoparticles
chemically conjugated or physically adsorbed to the liposome surface

(bottom) [64].

Nanoparﬁcle:eiin lipid bilayer Nanoparticles in liposome aqueous core
(embedded) (encapsulated)

Nanoparticles bound on liposome surface
(conjugated or adsorbed)
Figure 1.3 : Schematic of three different methods to engineer liposome-nanoparticle hybrids.

Hydrophobic nanoparticles embedded in the lipid bilayer (left); hydrophilic nanoparticles
encapsulated in the aqueous core (right); and nanoparticles chemically conjugated or
physically adsorbed to the liposome surface (bottom) [64].

For example, Troutman et al. introduced a new method for light-
induced content release from gold-coated liposomes [63]. Fluorescein was
encapsulated in the temperature-sensitive liposomes at self-quenching
concentrations. McNamara et al. demonstrated the pH-sensing capability and
application of micrometric phospholipid-coated polystyrene particles in

murine macrophages for intracellular pH measurements. [65]. For single



macrophages, the fluorescent lipobeads are used to test the pH. The synthesis
of the pH sensing lipobeads is realized, and the dynamic range of the sensing
particles is between pH 5.5 and 7.0 with a sensitivity of 0.1 pH unit. In previous
studies performed in Arai Lab, through incorporating liposome membrane
fusion and optical tweezers for cell temperature measurement, Masuda et al.
demonstrated a single fluorescence microsensor injection into a specific cell.
[66]. Maruyama et al. later developed a fluorescence sensor encapsulation in
the liposome containing photochromic material for selective and rapid
injection into a living cell. [67]. Recently, Liu et al. used polystyrene
microbeads encapsulated in the liposome layer in the optical injection of a

single sensor into the target cell as shown in Figure 1.4 [68].
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Figure 1.4 : Schematic of the encapsulation of the sensor into the liposome [68].
FITC: Fluorescein isothiocyanate; DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine;
DPPG: 1,2-dipalmitoyl-sn-glycero-3-phosphatidylglycerol; SUVs: Small unilamellar vesicles.

1.3.3 Gel micro-nanobeads

Biopolymers material have been widely used to prepare responsive
hydrogels for biomedical application due to their biocompatibility, low
toxicity, and high content of functional groups [69-72]. In previous research
performed in Arai Laboratory, Maruyama et al. developed pH-sensing gel-
microbead impregnated with a pH indicator for on-chip measurement [73].

Gel-microbead is made from hydrophilic photo-cross-connectable resin

10
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salting and then handled with optical tweezers. Gel-microbead is polymerized
by ultraviolet (UV) lighting and attached under an electrolyte solution to other
gel-microbeads as shown in Figure 1.5. The pH value was determined in the

gel-microbead by observing the color of the pH indicator [74].

Alkaline S°'”“°'§ Alkaline Neutral Acidic

BTB =
W ww-1 0000
Glass ' Fabricated gel-microbeads
E ® i

BCG
Gel-tool \ BTB
Vil
10 um
(b) (c)
(d) (e)

Figure 1.5 : Wide range of pH measurement with fabricated gel-microbeads impregnated
with different pH indicators.

(a) Schematics diagram; (b) Gel-microbead impregnated with BTB; (c) Fabrication of gel-
microbead impregnated with BTB to gel-microbead impregnated with BCG in pH 9 solution;
(d) pH was changed to pH 8.1; (e) pH was changed to pH 4.6 [74]. BTB: Bromothymol blue;
BCG: Bromocresol green.

Recently, Wu et al. reviewed the latest developments and challenges of
intracellular imaging applications for hybrid micro-nano gels in optical
sensing such as pH, temperature, glucose, ions and other species [75]. Hybrid
micro-nano gel probes can be categorized into three types as shown in Figure
1.6. In Type 1, the specific antibodies are covalently linked to the hybrid micro-

nano gels. The optical moiety acts as the chemical or biochemical signal

receiver in Type 2, whereas the stimulus-responsive polymer gel network
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chains serve as Type 3 chemical or biochemical signal receiver. Later, Wu et al.
reported a new class of chitosan-based hybrid nanogels by in-situ
immobilization of Cadmium Selenide (CdSe) quantum dots (QDs) for the
incorporation of optical pH detection, tumor cell imaging and drug delivery
[76]. Therefore, the polymer microgels are ideal candidates for biomaterial
applications because they can respond to various environmental stimuli such

as pH, temperature, ionic strength or magnetic fields [77].
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Figure 1.6 : Schematic diagrams of three different types of hybrid micro-nanogel optical
probes.

(a) Type 1, the antibody or specific targeting ligand acts as a chemical/biochemical signal
receiver; (b) Type 2, an optical moiety acts directly as the chemical/biochemical signal
receiver; (c) Type 3, a responsive polymer gel network chain acts as the
chemical/biochemical signal receiver. [75]

1.3.4 Silica micro-nanoparticles

For quantitative chemical sensing in live cells, fluorescent colors
encapsulated in silica nanoparticles were developed. The fluorescein
encapsulated in these particles tends to be brighter and more photostable in

solution than the corresponding free colors [78,79]. For applications ranging
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from biology to photonics, it is desirable to tailor particle size throughout the

nanometer to micron-scale as shown in Figure 1.7.

Figure 1.7 : Representative scanning electron micrographs of core-shell fluorescent silica
nanoparticles of different diameters [78].
(a) 50 nm; (b) 150 nm; (c) 250 nm; (d) 500 nm; (e) 1500 nm.

Anja Schulz and Colette McDonagh documented the encapsulation of
fluorophores into silica nanoparticles and their use as optical sensors for
intracellular sensing [80]. Studies have shown that these nanoparticles of silica
have great potential for real clinical and biomedical applications. In addition,

surface functionalization can also be used to build one or more shells around

a nucleus of nanoparticles, as shown in Figure 1.8.
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Figure 1.8 : Schematic diagram of the surface functionalization of silica nanoparticles with,
for example, peptides, antibodies, aptamers, enzymes, deoxyribonucleic acid (DNA)-
fragments and different functional moieties [80].

1.3.5 Magnetic micro-nanoparticles

Magnetic nanoparticles (MNPs) which commonly consist of two
components, a magnetic material, often iron, nickel and cobalt, and
a chemical component are a class of nanoparticle that can be manipulated
using magnetic fields. Magnetic nanomaterials have now been used
extensively in biological, biomedical and industrial applications [81-88]. For
example, as a hydroquinone biosensor [89], magnetic-based nanomaterials
such as core-shell (FesOs-SiO:) nanoparticles and iron oxide (FesOs)
nanoparticles were used to improve sensor sensitivity [90] and catalyst
recycling or activity [85]. Likewise, superparamagnetic iron oxide
nanoparticles were used for the delivery of drugs and cancer hyperthermia
[91,92]. In addition, magnetic nanoparticles have contributed significantly to
cell sorting and isolation [91,93], waste-water treatment [94] and biological cell
manipulation [95]. Several strategies have been explored to yield a water-
soluble biocompatible with chemically reactive function using magnetic

nanoparticle, as shown in Figure 1.9(a). In the previous study, Zhong et al.
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used a magnetic polystyrene nanobead with an amine group surface which
comprised of polystyrene bead (core) and iron oxide nanoparticles (shell) in
cell injection experiment as shown in Figure 1.9(b) [96,97]. The 1064 nm
continuous wave laser irradiated magnetic nanobeads adhered to cell
membranes and subsequently inserted into living cells.
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Figure 1.9 : Magnetic nanoparticles (MNPs).

(a) Schematic representation of the different strategies available to obtain water-soluble and
chemically active nanoparticles. The final ligands on the nanoparticles can be either small
molecules or polymers [81]; (b) Schematic of dying magnetic polystyrene nanoparticles with
Rhodamine B [96].

1.3.6 Gold micro-nanoparticles

Among metallic nanoparticles, gold nanoparticles (AuNPs) have been
significantly used in a wide range of applications starting from catalysis to
biomedicines [98,99]. The optical properties of AuNPs greatly depend on its
morphological and physiological characteristics such as size, shape, and

aggregation state, which can be fine-tuned by choosing the appropriate
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synthesis and stabilization agent gold nanoparticles are incorporated into
biosensors to enhance its stability, sensitivity, and selectivity [100]. A key
property of AulNDPs is their plasmon absorption in the visible (VIS) or near-
infrared (NIR) region. The surface plasmon resonance (SPR) stems from the
free electrons at the metal surface, collectively resonating with the incident
photons [101].

The fluorescence-based AuNP recognition strategy relies on the
fluorescence change on the target due to the surface-modified fluorescence
(SMF) or the fluorescence resonance energy transfer (FRET). The SMF is the
variation of fluorescence by an electromagnetic environment, whereas the
FRET is based on the resonant energy transfer occurring between an excited
donor fluorophore and an acceptor fluorophore via induced dipole-dipole
interactions.

AuNPs have recently been used extensively in biological and
biomedical applications [101-103]. Figure 1.10(a) shows the different types of
AuNPs which commonly used in the anti-cancer diagnosis and therapeutic
applications. Graphical illustration of the accumulation of AuNPs delivering
a drug into the tumor sites is illustrated in Figure 1.10(b). AuNP carriers reach
the tumor site selectively through the leaky vasculature in a tumor. After
nanocarriers penetrate the tumor, targeted nanocarriers can bind or enter the

cell via receptor-mediated endocytosis [104].
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Figure 1.10 : Gold nanoparticles (AuNPs).

(a) Different types of AuNPs commonly used in the anticancer diagnosis and therapeutic
applications; (b) Schematic of the accumulation of AuNPs delivering a drug into the tumor
sites by passive or active targeting. AuNDP carriers reach the tumor site selectively through

the leaky vasculature in a tumor. After nanocarriers penetrate the tumor, targeted
nanocarriers can bind or enter the cell via receptor-mediated endocytosis [104]. SERS:
surface-enhanced raman spectroscopy
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Orsinger et al. demonstrated that AuNPs coated with liposomes were
heated under continuous-wave laser irradiation at 1064 nm wavelength for
injection of biosensor into single cells [105]. Furthermore, individual AuNPs
were printed on the cell membrane and injected into the mammalian cell by
using optical forces and plasmonic heating [106]. On the other hand,
femtosecond pulses laser also has been used with strongly focused and high
energy to heat the AuNPs and hence generates a transient hole in the cell
membrane [107]. A femtosecond laser is an ideal choice for imaging living
tissue in an optical window within the range of 600 to 1100 wavelength

[108,109] while limiting the potential damage.

1.3.7 Summary

Nanoparticles of fluorescence contain fluorescent polymers, a green
fluorescent protein (GFP) and other color markers such as Rhodamine B and
QDs. They are ideal for intracellular injection and measurements as they can
move through the membrane of the cell and stain the entire cell. At the same
time, the cell would receive an extra stimulus from the big, fluorescent dyes
that passed through the cell membrane. Therefore, the fluorescence sensors
based on micro-nano particles show great potential in single-cell analysis. In
this study polystyrene nanobead containing magnetic nanoparticles will be
used as a sensor carrier to achieve rapid injection into the target cell. A detailed

explanation will be discussed in the following chapter.
1.4  Conventional Manipulation and Injection of Micro-nanoparticles
into Cells for Intracellular Measurements

In biological investigations, the cell membrane naturally impermeable

external molecules such as drugs, organic, and nanoparticle to penetrate cell
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cytoplasm and nucleus [110]. Therefore, several approaches have been
developed to passed through this natural barrier either by means of
introducing chemical substances such as endocytosis [111] and lipofection
[112] or implementing physical approaches including micro-nano injection
[113], electroporation [114,115], sonoporation [116], and optoporation [117] to
achieve cell injection. Therefore, the principle of these techniques will be

briefly discussed.

1.4.1 Endocytosis

Endocytosis is a process of active transport in which a cell brings
substances into the cell. Exocytosis is the reverse process of endocytosis. This
process results in the discharge of nanoparticles from vesicles at the cell
surface to the outside of the cell. Figure 1.11 shows a schematic of endocytosis
and exocytosis patterns of nanoparticles [111].
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Figure 1.11 : Schematic of endocytosis and exocytosis patterns of nanoparticles [111].
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In one hand, nanoparticles enter the cell via four types of the pathway
which are clathrin- and caveolar-mediated endocytosis, phagocytosis,
macropinocytosis, and pinocytosis. On the other hand, nanoparticles exit the
cell via three types of pathway named lysosome secretion, vesicle-related
secretion, and non-vesicle-related secretion.

Truschel et al. has demonstrated that stretch modulates mucosal surface
area by coordinating both exocytosis and endocytosis on the surface
membrane of umbrella cells [118]. In addition to activating exocytosis,
mechanical stimuli also induce endocytosis, and the balance of these events
governs the size of the umbrella cell membrane. Kurtz-Chalot et al. were
developed as a pH-sensitive double fluorescent particle for biological
endocytosis investigations [119]. Figure 1.12 shows a proof-of-concept that
was validated in cellular conditions. The upper images show a single cell
(pointed square) was selected and followed over time while the middle
pictures show a selected cell enlargement. The lower image illustrates an
automatic measurement of the Fluorescein isothiocyanate (FITC)/pHrodo
ratio changes for 20 hours by software. Recently, Boulant et al. have discussed
the early stage of virus-host cell interactions including virus adheres on the

cell surface, interaction with receptor and internalization [120].
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Figure 1.12 : Images from time-lapse microscopy of cells after incubation [119].

(a) Images from time-lapse microscopy of RAW 264.7 cells after incubation with 300 pg/mL
P130. A single cell was selected (dotted square) and followed over time, (b) Enlargement of
the previously selected cell (the same thing was done with P60). Only the merge image of
FITC and pHrodo signals allowed distinguishing endocytosed particles (that appeared
yellow due to the merge of green and red fluorescences). It also allowed detecting the
particle release outside the cells (green due to the lack of red pHrodo signal) during the cell
death as it was accompanied by loss of membrane integrity, (c) Automated measurement of
the FITC/pHrodo ratio changes during 20 h by software.
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1.4.2 Lipofection

Lipofection is a process used to inject biological particles into a
liposome-based cell that can quickly combine with the cell membrane as they
are both made of a bilayer of phospholipids. Lipid bilayers have been used for
encapsulation and control delivery in the drug delivery system [64,121] and
nanoparticle injection into living cells for liposome transfection. In previous
research performed in Arai Lab, the fluorescence sensor was encapsulated into
a liposome layer in cell injection applications [66-68,122-125]. As shown in
Figure 1.13, lipofection could deliver the sensor encapsulated in the liposome

to the cytoplasm [68].
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Figure 1.13 : Schematic of lipofection mechanism [68].

1.4.3 Micro-nano injection

Micro-nano injection is normally performed with a micromanipulator,
which usually involves the usage of a glass micropipette either to push-in or
pull-out substances from a living cell [126-128]. There are two main key
procedures in the process which are how to manipulate the pipette precisely

and how to penetrate the cell membrane safely. These important procedures
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directly determine the success rate of injection and cell viability. As such, it is
inefficient and ineffective to perform the injection process by hand manually,
especially in the micro-nano scale. Therefore, two types of injection system
based on the micro-nano robotic manipulation system is widely used as shown

in Figure 1.14.
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Figure 1.14 : Micro-nanorobotic manipulation system for single-cell injection.
(a) Micro-nano manipulation using micromanipulator [127]; (b) Schematic of atomic force
microscopy (AFM) cantilever-based nano injection [129].

The glass pipette has become an essential tool for biological studies
such as intracellular microelectrode and drug delivery [129,130]. In the micro-
nano robotic manipulator, the glass micropipette is attached to the micro-

nanoinjector. The movement of the micropipette can be controlled precisely
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by using a 3-degrees of freedom (DOF) micromanipulator [131]. However, this
process is done manually in conventional methods. Therefore, the automatic
injection system is developed based on the robotic control technique in recent
years to improve accuracy and injection time [129]. These include a hybrid
visual servo control scheme [126], supporting robot [127], force sensor
teedback [131], position and force control [132], and piezo-controlled [133,134].

Micro-nano injection is a simple process in which a needle penetrates
the cell membrane. The micro-nano robotic manipulation system provides an
effective platform for the injection process. Comparing with manual injection,
a robotic manipulation system has the advantages of high quality,
productivity, and repeatability. For example, Hayakawa et al. demonstrated a
single-cell puncture by utilizing the high thermal characteristic of the
tabricated hybrid nanorobot with the carbon nanotube (CNT) [135].
Femtosecond laser exposure was generated on-chip nanorobots as shown in
Figure 1.15(a, b). They integrated CNTs with the nanorobot and used a new
nanorobot function, such as nanoparticles being injected into a single cell. A
single-cell puncture was performed with this nanorobot by irradiating the
CNTs with an infrared laser and local laser heating. Figure 1.15(c) shows that
optical nanorobot manipulation and nanobead injection was performed with
high accuracy of positioning and high flexibility in space. This method enables
anew approach for manipulation and injection of micro-nano particles. In this
study, a commercially available 3-DOF micromanipulator was utilized to
manipulate a single microsensor by glass nanoprobe using zeta potential

control to achieve non-invasive cell injection with local laser heating.
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Figure 1.15 : Fabrication of an on-chip nanorobot integrating functional nanomaterials for
single-cell punctures [135].
(a) Concept of the hybrid nanorobot with a functional nanomaterial; (b) Images of fabricated
hybrid nanorobot; (c) Result of cell puncture by the hybrid nanorobot. CNT: Carbon
nanotube.

1.4.4 Electroporation

Electroporation is a physical method of cell transfection. It uses
electricity to get plasmids, drugs, proteins or nanoparticles inject into cells. The
transient increase in the permeability of the cell membrane is achieved when
the cells are exposed to short pulses of an intense electric field. As shown in
Figure 1.16, this method allows nanoparticles to be introduced into cells and
to be extracted from within the cells [136]. In particular, electroporation has
been utilized in single-cell transfection including multifunctional pipette [114],

nano fountain probe [115], and microdevices [137]. Since this method is non-
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viral, non-toxic and safe in all cell types, it can be used in all forms in vitro or
in vivo applications. However, electroporation requires complicated pulse
generators to produce short high-voltage pulses and expertise is needed for
equipment handling. Electroporation also can be used to introduce foreign
molecules such as DNA and proteins into cells by temporarily disrupting the

cell membrane by a voltage shock [138].
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Figure 1.16 : Schematic of electroporation in biotechnology applications [136].

1.4.5 Sonoporation

High amplitude acoustic wave cavitation is considered the main
mechanism of sonoporation for intracellular delivery. Sonoporation is an
approach to facilitate intracellular delivery by applying ultrasound.
Ultrasound is shown to be promising for cancer and tumor treatment. For

example, Lin et al. reported enhanced tumor deposition of lipid-coated CdSe
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QDs with the aid of ultrasound and ultrasound contrast agents (microbubbles)
[139]. Similarly, sonoporation can be used to enhance liposome nanocarriers
in tumors with low levels of enhanced permeability and retention as shown in
Figure 1.17 [140]. Instead of using microbubbles as a cavitation generation
medium, Yang et al. demonstrated the use of FesO4 nanoparticle for controlled
release to tumor cells through sonoporation. In this approach, the
nanoparticles can be effectively delivered into tumor cells noninvasively, and

the delivery rate can be controlled by acoustic intensity [116].
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Figure 1.17 : Schematic of sonoporation to enhances liposome accumulation and penetration
in tumors [140].

1.4.6 Optoporation

Optoporation is a method where a tiny hole is transiently generated in
the plasma membrane of a cell using a highly focused laser for optical injection.
Optical techniques provide exquisite control of both the location and
magnitude of power applied to a target cell, permitting a single cell and even
subcellular experiments to be conducted routinely [117]. This technique also
referred with a different name such as optical injection [106,141], optical
transfection [142], optoinjection [143], phototransfection [144], photoporation
[145,146], laser heating [147], optical heating [96,148] and laser-assisted
[97,145,149] in which makes reviewing the literature very difficult [142]. The
injection of nanoparticles by laser irradiation has many names, but the term

‘optical injection’ is preferred in this dissertation.
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This approach was first reported by Tsukakoshi et al. who used a diode-
pumped Neodymium Yttrium Aluminium Garnet (Nd: YAG) to generate
stable and transient transfection of normal rat kidney cells [150]. Since then,
the optical injection has been demonstrated using a variety of laser sources
including continuous wave and pulsed wave. For example, the femtosecond
laser-focused was commonly used to create a small transient hole on the cell
membrane to inject an impermeable color molecule into targeted living cells.
[107,149,151,152]. Figure 1.18 indicates that an optical injection created a
temporary hole on the cell membrane and thus enables molecules to be

injected into a cell.

Figure 1.18 : Morphological changes in HEK cells.

(a) 0 min; (b) 10 min; and (c) 20 min after laser treatment [149]. Confocal laser scanning
images of MCEF-7 cell 96 hours after optical tweezing the plasmid coated 1 um particle into
the cell, (d) optical image; (e) fluorescence image; and (f) merged image [107]. (g-h) A
transient hole (marked by the red circle) observed during an optical injection [152].
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1.4.7 Summary

An effective injection method is needed for intracellular measurements
for the sensors of fluorescence nanoparticles. Table 1.1 shows a summary of
conventional approaches for sensor injection. Since the pipette is inserted into
the cytoplasm, micro-nano injection with a micro-nano pipette is a simple and
direct process. However, it will damage a target cell easily. On the other hand,
through endocytosis and lipofection, the nanoparticles can be inserted into a
cell without destroying the cell membrane. Unfortunately, it is challenging to
quantitatively inject nanoparticles into an individual cell and requires a long
duration of injection. Conversely, optical injection seems promising for cell
injection since the quantitative injection of nanoparticles into a target cell can
be realized and injection time was improved dramatically. In this thesis, the
author proposes a single microsensor can be injected into target cells by optical
injection method. A detailed explanation will be discussed in the following

chapter.

Table 1.1 : Conventional methods for sensor injection into a cell.

Method Micro-nano Endocytosis and Optical injection
injection lipofection
Nanopipette Nanoparticle Nanoparticle
Nanoparticle Markerr‘ . Laser\ /%
Schematic image \ . 2 *\ .‘ -
g . g | . _ge
Injection of
micro-nano Yes Yes Yes
objects
Injection vol
njection volume Yes No Yes
control
Damage to cell Yes No No
Injection of
Y Y Y
individual cell B © B
Injection time Short Medium/Long Short




1.5 Optical Control in Manipulation and Injection of Micro-

nanoparticles into Cells for Intracellular Measurements

In this study, the manipulation and injection of nanoparticles into cells
were performed using optically controlled light and laser irradiation. These
optical control will be briefly explained in this chapter while a further detailed
explanation will be discussed in the following chapter. Additionally, emerging
techniques using optical control in the manipulation of a single nanoparticle

and cell injection will be highlighted.

1.5.1 Manipulation of nanoparticles by optical control of zeta potential

Effective manipulation of a specific nanoparticle and positioning of the
nanoparticle at the arbitrary point on the cell membrane was challenging. In
previous studies performed in Arai Lab, Maruyama et al. introduced liposome
layers containing photochromic material, Leuco Crystal Violet (LCV) on the
surface of nanotool to realize selective adhesion into a living cell and cell
injection [124]. Masuda et al. then introduced another photochromic material,
Spiropyran (SP) impregnated with fluorescent microsensor for optical
adhesion control of liposome [66]. Figure 1.19 and Figure 1.20 show a
schematic diagram of both approaches in optical manipulation control of

nanoparticles by using different photochromic material.
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Figure 1.19 : Schematic of a selective injection of encapsulated fluorescent microsensor into a

cell.

(a) Optical pH regulation in the liposome using pho-induced reaction using Leuco Crystal
Violet (LCV); (b) Cell injection of nanotool by photo-induced pH control using
photoresponsive chemical [124].
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Figure 1.20 : Schematic of a selective injection of encapsulated fluorescent microsensor into
multi-lamellar liposome into a cell.
(a) Optical control of the surface charge of liposome; (b) Selective injection of a sensor using
optical tweezers [66].

31



Photochromism is simply defined as the reversible transformation of
chemical properties in response to photo-illumination. Photochromic
materials change their color due to light absorption and can be reversed to the
original properties, either thermally or photo irradiation with a specific
wavelength [153,154]. For example, nanoparticle surface charge with zeta
potential control is one of the important properties which could play a major
role in the effectiveness of the drug delivery system [155]. Furthermore,
charges modification offers the opportunity to extend the blood circulation
time, increases the likelihood of cell interaction and alter the pharmaceutical
properties in micro-nano system applications [155,156]. Through photo-
isomerizing SP, the zeta potential of the liposome layers can alternatively be
modified between positive and negative. Maruyama and his group then
managed to precisely control the adhesion of a single nanoparticle on the cell
membrane by zeta potential of the fabricated microsensor to achieve rapid cell
injection [122,125,157]. In this study, manipulation and cell immobilization of
a single microsensor using optical control of zeta potential will be

implemented. A detailed explanation will be discussed in Chapter 2.

1.5.2 Manipulation of micro-nanoparticles by optical tweezers

Optical trapping and manipulation of nanoparticles are rapidly
growing the field and its relevance beyond physics towards biology and
chemistry applications. One of the most common tools for micro-nanoparticles
manipulation is optical tweezers. Optical tweezers are the most versatile
technique as a non-contact manipulation tool in biological and biomedical
applications [158]. It was generally known that before the advent of a laser,
light induces optical strain. The detection of optical scattering and gradient

forces on micro-sized particles was first reported by Arthur Ashkin in 1970
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[159]. These findings are then referred to as optical tweezers in which a tightly
focused beam of light is capable of holding and manipulating microscopic
particles in three dimensional [160]. Figure 1.21 shows a schematic of an

optical tweezers system.

514.5 nm LIGHT

l—CELL

(b)
Figure 1.21 : Schematic of the optical tweezers system.
a) The trapping of a high-index particle in a stable optical well [159]; (b) Optical trapping of
pping 8 p p P ppmng
particles in water utilizing a single-beam gradient force radiation-pressure trap [160].

Trapping was observed using an opposite direction dual laser
configuration as shown in Figure 1.21(a) while this technique can trap a
nanoparticle with single-beam are shown in Figure 1.21(b). The single-beam
gradient force trap [160,161] is capable of trapping micro-nano particles in vitro
[162,163] or organelles within cells [164-166] with non-contact force by photon
linear momentum transfer. The capability of rapid, accurate positioning and

non-invasive of optical tweezers are widely used in trapping and
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manipulation [167-169], single-cell analysis [170,171], nanoparticles sorting
[172], cell transportation [173], cell palpation [174] and cell injection [123].

As a major work, Ashkin and Dziedzic used optical tweezers to trap
and manipulate the viruses and bacteria [165]. In aqueous solution, individual
tobacco mosaic viruses (TMV) were stuck. However, the laser irradiation of
514 nm damaged to bacteria cells. Therefore, Ashkin et al. proposed an infrared
laser beam for trapping and manipulation of a single cell. Consequently, this
approach avoided optical damage [175]. Optical tweezers can provide an
optical pressure and force of trapping pointing at the middle of the beam. In
previous research performed in Arai Lab, Arai et al. established a time-shared
scanning (TSS) approach which, by changing the discrete laser scanning
pattern, uses synchronized laser manipulation for multiple targets
independently. [176]. Later, Onda et al. realized the holographic optical
tweezers (HOT) system [177]. This method utilizes computer-generated
hologram (CGH) calculated by a graphical processor unit (GPU) to accelerate
the calculation speed of hologram and enable high-speed manipulation of
multiple targets.

Several measurements were also carried out with the use of optical
tweezers. For example, Zhong et al. demonstrated the usage of optical
tweezers to trap red blood cells in living animals [168]. Figure 1.22 shows the
optical tweezers system which is capable of manipulating microparticles by
exerting small forces via a highly focused laser beam. In this study, optical
tweezer was used in two ways (i) trapping and manipulation of a single
microsensor, and (ii) injection of a single microsensor into target cells. The
trapping and manipulation of a single microsensor will be discussed in
Chapter 2 while microsensor injection into target cells using optical tweezers

will be highlighted in Chapter 3.
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Figure 1.22 : Schematic of the optical tweezers system.
(a) Optical paths for 1064 nm trapping laser (red) and halogen lamp for bright-field imaging
(yellow); (b) The geometric optics representation of the refraction of a light beam focused in
vivo and water. NFP: Nominal focal position; AFP: Actual focal position [168].

1.5.3 Injection of nanoparticles into living cells by optical tweezers

The optical injection has increasingly attracted attention due to its non-
contact and non-invasive advantages. It is based on the temporary increase in
the permeability of a cell membrane caused by a laser beam, which enables the
diffusion of nanoparticles on a micro-nano scale through a cell membrane.
Usually, extremely high laser peak power in the optical injection mechanism
[141] and therefore has the potential to damage the cell [178]. In this regard,
there is a high demand for less harmful approaches to optically guided

membrane injection of nanoparticles.
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Figure 1.23 : Plasmon resonance assisted optical injection of signaling molecules.

(a) Freely diffusing gold-coated liposome encapsulating inositol trisphosphate (IP3); (b)
Optical injection of a fluorescently tagged gold-coated liposome. Column 1 is the
experimental field of view with the location of the optical injecting laser overlaid in red.
Column 2 shows the resulting fluorescence signal after 60 or 120 s of optical injection.
Column 3 is merged image [105].

Urban et al. developed a novel optical injection strategy based on the
combination of optical powers of optical tweezers and plasmonic heating of
laser-exposed gold-coated liposomes [179]. Likewise, Orsinger et al. applied
optical tweezers to the cell allowing the free diffusion of gold-coated
liposomes that are pushed to the cell under the optical forces of optical
tweezers as shown in Figure 1.23(a) [105]. The liposomes can be injected into
cell cytoplasm in combination with the plasmonic heating effect of gold-coated
liposomes with a quick average injection time of 5.7s for one liposome. Figure

1.23(b) shows the effects of the optical injection of Rhodamine B fluorescently
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labeled gold-coated liposomes. By using optical stimulation on gold-coated
liposomes, they demonstrated quantitative focal activation of the individual
cells.

In previous research performed in Arai Lab, cell injection was
performed by optical tweezers utilizing continuous-wave laser irradiation at
1064 nm. Specifically, Liu et al. synthesized a multi-fluorescent microsensor
which can respond to both temperature and pH change for intracellular
measurement [43]. Liu et al. subsequently demonstrated an injection of
fluorescence sensors into target cells by using optical tweezers to apply local
vibration stimulus [68]. Figure 1.24 shows the principle of a selective adhesion
and rapid injection of a single sensor into a target cell using optical tweezers.
Optical tweezers successfully manipulated a single sensor, and the injection
time is approximately 30 min. By using this process, the injection rate was also
increased to 80% compared to the lipofection method [122]. Recently, Zhong
et al. achieved the injection of fluorescence polystyrene nanobeads containing
iron oxide nanoparticles by local laser heating (Figure 1.25) [96,97]. The
injection times of the fluorescence polystyrene nanobeads and survival rates

of the injected cells are a few seconds and approximately 100%, respectively.

Optical tweezers
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Figure 1.24 : Schematic diagram of selective adhesion and rapid injection of a fluorescent
sensor into a target cell using local mechanical stimulus applied by optical tweezers [68].

37



Before Injection After injection
Sensor 1

- e
-------------- Focus Plane ------------- g -------

Sensor 2 —<—* /Af’aCell \\\

Sensor 1 1

Sensor 2 -

(@)

Before Injection After Injection

Fluorescentbead

Fluorescentbead

Cell membrane Fluorescentbead Cell membrane Fluorescentbead

(b)

Figure 1.25 : Injection of single microsensor into living cells using optical tweezers.

(a) Continuous-wave laser irradiation with the power of 6 mW for injecting sensor into a
living cell before and after injection [96]; (b) Fluorescence images of z-scanning used to
confirm the successful injection of 750 nm diameter magnetic nanobeads into living cells
[97].

1.5.4 Injection of nanoparticles into living cells by femtosecond laser

The optical injection has been demonstrated using a variety of laser
sources and the interaction differs depending on the laser source used. The
mechanism is probably based on localized heating when continuous-wave
lasers were used. With pulsed sources, the irradiated nanoparticles or cell
depends strongly on the pulse duration usually either in a very short pulse
(femtosecond) or longer pulse duration (nanosecond). To date, the focused
femtosecond laser has been used extensively to create a small transient hole
on the cell membrane or to irradiate target nanoparticles in optical injection
[107,149,151,152].

In this thesis, both types of laser sources will be demonstrated in order

to achieve rapid and non-invasive cell injection. First, a continuous-wave laser
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at 1064 nm wavelength will be used to inject a single microsensor into a living
cell. Second, a single microsensor will be irradiated by a femtosecond laser at
808 nm wavelength for cell injection. A detailed explanation will be discussed

in Chapter 3.

1.6 Thesis Overview

1.6.1 Research objectives

The key points in single-cell micro-nano environmental analysis are the
manipulation of selective microsensors and the effective injection of a single
microsensor into a target cell with a high injection rate, low invasive and high
survival rate. Therefore, the research aim is as follows: (1) to manipulate
fluorescence microsensor by pick-up and immobilized on the cell membrane,
(2) to inject a single microsensor into the target cell without destroying the cell,
and (3) to prepare a stable fluorescence microsensor for measurement of

temperature in intracellular environment.

1.6.2 Outline of the thesis

This thesis consists of five chapters, as illustrated in Figure 1.26.
Chapter 1 provides the background of the research and describes the research
objective.

Chapter 2 demonstrated the manipulation and immobilization of a
single fluorescence microsensor for selective injection into cells. In this chapter,
the temperature with the relative fluorescence intensity of the fabricated
microsensor was first calibrated. Then, pick-up and cell immobilization of the
microsensor by optical control of the zeta potential was performed, and the

success rates without and with zeta potential control were compared. Finally,
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injection of the immobilized microsensor by local heating was performed, and
the success rates of injection and viability of the injected cells were evaluated.

Chapter 3 demonstrated the rapid and low-invasive injection of a single
fluorescence microsensor into a specific cell using optical methods with
multiple wavelengths. Multiple tasks include trapping, cell immobilization
and injection were performed by utilizing the irradiation of the laser at a
different wavelength. In particular, a new approach of manipulating a
fluorescence microsensor by optical tweezers (1064 nm) and then injecting that
particular sensor into living cells by a continuous wave laser (808 nm) was
presented. Experimental results of manipulation and the injection of
fluorescence microsensor into target cells were demonstrated. Additionally,
the success rates of injection cell survival were evaluated.

Chapter 4 proved a photobleaching compensation method based on the
diffusion of fluorescent dye inside a hydrogel microsensor for prolonged
stable temperature measurements. The factors that influence compensation in
the hydrogel microsensor system are the interval time between measurements,
material, the concentration of photo initiator, and the composition of the
fluorescence microsensor. These factors were evaluated by comparing a
polystyrene fluorescence microsensor and a hydrogel fluorescence
microsensor, both with diameters of 20 um. The effect of microsensor size on
the stability of the fluorescence intensity was also evaluated.

Chapter 5 summarized the research that has been performed and the

future works are discussed.
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Chapter 5: Conclusions and Future Works

Figure 1.26 : Outline of the dissertation.
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Chapter 2

Manipulation and Immobilization of
a Single Fluorescence Microsensor
for Selective Injection Into Cells

2.1 Introduction

Recently, the manipulation and injection of single microsensors into
cells with minimal invasiveness has received attention due to its potential
biological and biomedical applications [22]. For example, measuring the
environment properties of a virus-infected cell is a useful means to investigate
the mechanism of viral proliferation to develop new medicines and diagnostic
tools [23]. In particular, the investigation of intracellular properties provides

useful information [27]. Conventionally, staining whole or part of a cell by
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fluorescence indicators has been used for intracellular measurement of
environment properties such as temperature, pH, or ion concentrations [39-
42]. Fluorescence measurements are performed by detecting variations in
fluorescence intensity and lifetime due to environmental conditions. However,
fluorescence measurements have some disadvantages, such as difficulty in
controlling the concentration of the indicator and diffusion of the indicator
inside cells. Encapsulation of fluorescence indicators into artificial nanobeads
allows control over the indicator concentration [43].

Intracellular measurements require selective manipulation and
injection of specific microsensors with minimal invasiveness [44,110]. Several
injection methods such as micro-nano injection [180], endocytosis [118],
lipofection [112], electroporation [115], and local heating [68,106] have been
developed to inject a particular nanobead into a target cell. In particular,
Zhong et al. achieved the injection of fluorescence polystyrene nanobeads
containing iron oxide nanoparticles by local laser heating [96,97]. The injection
times of the fluorescence polystyrene nanobeads are on the order of a few
seconds, and survival rates of the injected cells are approximately 100%.
However, selective injection with manipulation and cell immobilization of a
specific fluorescence polystyrene nanobead has still not been achieved, as the
manipulation of a single nanobead in solution is difficult.

Fluorescence polystyrene nanobeads containing iron oxide
nanoparticles cannot be manipulated by optical tweezers, since focused laser
irradiation onto iron oxide nanoparticles leads to a temperature increase and
bubble formation [181]. Electromagnetic tweezers require high current input
to the electromagnets to manipulate individual fluorescent polystyrene
nanobeads [182,183]. Mechanical manipulation using a glass nanoprobe is

suitable for manipulation without environmental fluctuation. However, the
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success rate for the manipulation of individual fluorescent polystyrene
nanobeads using glass nanoprobes with Van der Waals forces is quite low for
an unskilled operator.

In this study, the author proposes the manipulation and immobilization
of a single microsensor using optical control of the zeta potential. The
Coulomb force was used for manipulation and immobilization of the
microsensor since the zeta potential of the microsensor can be controlled using
1,3,3-trimethylindolino-6"-nitrobenzopyrylospiran, which is a photochromic
material [184]. The microsensor is fabricated by staining a polystyrene
nanobead containing iron oxide nanoparticles with a temperature-sensitive
fluorescence indicator and encapsulating the nanobead into a lipid layer with
SP. The zeta potential of the microsensor, glass, and cell membrane are
negative. The zeta potential of the microsensor becomes positive upon UV
irradiation due to the photo-isomerization of SP. A positively-charged
microsensor can be picked-up, transported, and immobilized on the cell
membrane using the negatively-charged glass nanoprobe. As a demonstration,
selective pick-up, transportation, and immobilization on Madin-Darby
Canine Kidney (MDCK) cells using optical control of the zeta potential were
performed to confirm the effectiveness of the proposed method. Additionally,
the cell injection rate and viability of injected cells were evaluated by a

fluorescence viability test.
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2.2 Materials and Methods

2.2.1 Principle of manipulation and cell injection of the microsensor using

optical control of the zeta potential

Figure 2.1 shows the principle of the manipulation and cell injection of
a single microsensor to a target cell using optical control of the zeta potential.
The microsensor is made up of a polystyrene nanobead containing iron oxide
nanoparticles, Rhodamine B, a lipid layer, and SP. Rhodamine B is a
temperature-sensitive fluorescence indicator. The lipid layer is composed of
the neutral lipid dioleoylphosphocholine (DOPC). SP, purchased from Tokyo
Chemical Industry Co. Ltd. (Tokyo, Japan), is used for zeta potential control.
The microsensor is fabricated by staining the nanobead with Rhodamine B and
encapsulating the stained nanobead by the lipid layer with SP. Zeta potentials
of the glass nanoprobe and polystyrene nanobead in water are approximately
-50 mV and -30 mV, respectively [185]. DOPC is electrically neutral. The
molecular conformation of SP changes from the cis-type to trans-type by UV
irradiation and is recovered by VIS light irradiation. The zeta potential of the
microsensor switches from negative to positive by UV irradiation, since the
zeta potential of trans-type SP is higher than that of cis-type SP. Therefore, the
positively-charged microsensor adheres to the glass nanoprobe and cell

membrane.
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Figure 2.1 : Schematic diagram of manipulation and cell injection of a single microsensor
using optical control of the zeta potential.
UV: Ultraviolet; NIR: Near-infrared.

First, the selected microsensor is irradiated with UV light to switch the
zeta potential from negative to positive. Then, the positively-charged
microsensor is picked-up and transported to the target cell using the glass
nanoprobe due to the attractive Coulomb force. Negatively-charged
microsensors do not adhere to the glass nanoprobe because of the repulsive
force. The transported microsensor is immobilized on a cell membrane. For
example, the zeta potential of an MDCK cell is approximately —40 mV [186].
The positively-charged microsensor can immobilize on the cell membrane and
detach from the glass nanoprobe by pushing the cell membrane with the
microsensor to increase the contact area. The zeta potentials of the glass
nanoprobe and MDCK cells are similar. Therefore, an increase in the contact
area between the microsensor and cell is needed to detach the microsensor
from the glass. The flexibility of the glass nanoprobe is also useful for
manipulating the microsensor on the cell membrane without damage to the
cell.

After cell immobilization, the microsensor is injected into the cell

cytoplasm by local laser heating. In this study, cell activities such as
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endocytosis and lipofection were not used for injection because the injection
of large nanoparticles by either method takes a long time. The injection of the
microsensor made up of a 750 nm diameter polystyrene nanobead containing
iron oxide nanoparticles into cells using laser heating (wavelength: 1064 nm,
power: 28 mW) was achieved within a few seconds [97]. The iron oxide
absorbs the 1064 nm light and generates heat locally. The author used the same
polystyrene nanobeads as material for the microsensors and the same laser

wavelength and power for cell injection in the present study.

2.2.2 Experimental system setup

Figure 2.2 shows a schematic diagram of the experimental setup
consisting of optical and fluorescence microscopy systems. An inverted optical
microscope (IX71, Olympus, Tokyo, Japan) having an epi-fluorescence
observation system and laser confocal system was used to observe the
microsensor and cell. A 3-DOF micromanipulator (SMX, Sensapex, Ouly,
Finland) was used for manipulation of the microsensor. The range of motion
for all three dimensions was 20 mm, and the step resolution was 30 nm. To
observe the manipulation process, a digital charge-coupled device (CCD)
camera (Grasshopper, Point Gray, Richmond, BC, Canada) was used. A
confocal laser scanning system (CSU-X1, Yokogawa Electric Co., Tokyo,
Japan) with an excitation laser of 488 nm and 561 nm, and electron
multiplying-CCD (EM-CCD) camera (DU-897, iXon, Andor Technology Ltd.,
Belfast, UK) was used to acquire fluorescence images. The movement of the
piezoelectric z-stage (E-665, Physik Instrumente GmbH & Co. KG, Karlshure,
Germany) that coupled to the high magnification objective lens (UPlanSApo
100x/1.40, Olympus, Tokyo, Japan) was used to acquire 3D fluorescence

images. A mercury lamp was used for photo-isomerization of SP by UV
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irradiation. A 1064 nm NIR laser with a maximum power of 10 W was used
for local heating [177]. The beam diameter at the focus was 1.4 um. In this

study, the power of the NIR laser was adjusted to 28 mW [97].
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Figure 2.2 : Schematic diagram of the experimental system.
CCD: Charge-coupled device; EM-CCD: Electron multiplying-CCD.

2.2.3 Optical control of zeta potential using photochromic material

Figure 2.3 shows a schematic diagram of the optical control of the zeta
potential of the microsensor using SP. The molecular structure of SP changes
from cis-type (left side) to trans-type (right side) by UV irradiation. The zeta
potential of the trans-type structure is higher than that of the cis-type structure
[187]. This photo-isomerization is reversible and repeatable by UV/VIS
irradiation. A schematic diagram of the microsensor is shown in Figure 2.3(b).
The polystyrene bead containing iron oxide nanoparticles is encapsulated by
a lipid layer with SP. The zeta potential of the microsensor changes from
negative to positive upon UV irradiation. The positively charged microsensor

adheres to the negatively charged glass nanoprobe and cell membrane.
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Figure 2.3 : Schematic diagram of optical control of zeta potential.
(a) Changes in the molecular structure of SP by photo-isomerization; (b) Optical control of
zeta potential of the microsensor.

2.2.4 Fabrication of the microsensor with a photochromic lipid layer

The microsensor was made up of 750 nm diameter polystyrene
nanobeads containing iron oxide nanoparticles (EPRUI Nanoparticles &
Microspheres Co. Ltd., Nanjing, China), Rhodamine B, DOPC, and SP. The
diameter of iron oxide nanoparticles inside the polystyrene nanobead ranges
from 20 to 40 nm [97]. Figure 2.4 shows the fabrication process of the
microsensor. First, polystyrene nanobeads containing iron oxide nanoparticles
were stained with 6 g/L Rhodamine B in ethanol, as shown in Figure 2.4(a).
Rhodamine B is a temperature-sensitive fluorescence indicator. After
immersion in ethanol for 5 min, the stained polystyrene nanobeads were
washed with deionized (DI) water three times. Then, the fluorescence
polystyrene nanobeads were encapsulated in the lipid layer with SP by

spontaneous transport [123,188], as shown in Figure 2.4(b). DOPC, a non-
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charged lipid, was used to form the lipid layer. The lipid layer was prepared
by mixing 10 mM of DOPC and 40 uM of SP in mineral oil. After forming a
multilayer of 0.7 mL of phosphate buffered saline (PBS) solution and 0.3 mL
of lipid solution in a microtube, a 0.2 mL mixture of the fluorescence
polystyrene nanobeads and mineral oil was introduced. During the sinking of
the fluorescent polystyrene nanobeads by gravity, the lipids gathered and

formed a layer with SP on the surface of the microsensor.
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Figure 2.4 : Fabrication process of the microsensor.
(a) Stain of the polystyrene nanobead by Rhodamine B; (b) Encapsulation of the fluorescence
polystyrene nanobead into the lipid layer with Spiropyran (SP).

Figure 2.5 shows the optical and fluorescence images of fabricated
microsensors. The microsensors were excited by the 561 nm laser in the
fluorescence image. The mean diameter of the microsensors was 1089 nm,
which was evaluated by a tunable resistive pulse sensing (TRPS) nanoparticle
analyzer (qNano, Izon Science Ltd., Christchurch, New Zealand). The

thickness of the lipid layer was also measured to be approximately 170 nm.

51



The concentration of the microsensor after fabrication was 1.4x10%
particles/mL. The microsensor was diluted to a suitable concentration in the

experiments.

Microsensor i
- S / — Microsensor
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(a) (b)

Figure 2.5 : Optical and fluorescence image of the microsensor.

5um

(a) Optical image; (b) Fluorescence image.

2.2.,5 Fabrication of the glass nanoprobe

A glass nanoprobe was used for manipulation of the microsensor and
was controlled by a 3-DOF micromanipulator. The nanoprobe was fabricated
by a borosilicate glass rod (G-1000, Narishige Scientific Instrument Lab.,
Tokyo, Japan) and then pulled using a magnetic glass microelectrode
horizontal puller (PN-31, Narishige Scientific Instrument Lab., Tokyo, Japan).

The tip diameter of the glass nanoprobe was less than 1 pum.

2.2.6 Cell culture

MDCK cells were used for the experiments in this study. MDCK cells
were cultured in a glass-bottom dish (27 mm diameter) with 2.7 mL of
Dulbecco's Modified Eagle Medium (DMEM) and 0.3 mL of fetal bovine serum
(FBS). The culture conditions were an atmosphere of 5% CO: and 95% air at
37 °C temperature. MDCK cells were cultured for 8 h before the experiments.
The cells were stained after the injection with Calcein-AM to test for cell
viability. To dye the cell cytoplasm, the cells were washed twice using PBS,
then 10 pL of 0.5 mg/mL Calcein-AM solution was mixed with 5 mL of PBS to

produce the dye solution. Then, 1 mL of culture medium in the dish was
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replaced with the dye solution. After 30 min of incubation at 37 °C, the stained

MDCK cells were used for the experiments.

2.3 Results and Discussion

In this study, the temperature with relative fluorescence intensity of the
microsensor was first calibrated. Then, pick-up and cell immobilization of the
microsensor by optical control of the zeta potential was performed, and the
success rates without and with zeta potential control were compared. Finally,
injection of the immobilized microsensor by local heating was performed, and

the success rates of injection and viability of the injected cells were evaluated.

2.3.1 Temperature calibration of the microsensor

In this study, microsensors for temperature measurements was
fabricated. The principle of the temperature measurement is a measurement
of the variation in fluorescence intensity of a microsensor due to changes in
temperature. The fluorescence intensity of Rhodamine B decreases according
to the temperature increase [43]. Figure 2.6 shows a calibration curve of the
relative fluorescence intensity vs. temperature based on 24 °C. The
environmental temperature was controlled by a cell culture chamber (ZILCS,
Tokai Hit. Co. Ltd., Shizuoka, Japan) with an accuracy of 0.3 °C. The
calibration temperature ranged from 24 °C to 40 °C. From this calibration

curve, the sensitivity of the microsensor was determined to be -2.4 %/°C.

53



1.2

1.0 ?

o L

0.2

Relative fluorescence intensity

0.0

22 24 26 28 30 32 34 36 38 40 42
Temperature [°C]

Figure 2.6 : Measurement of fluorescence intensity vs. temperature to construct a calibration
curve. The error bars represent the standard deviation of average fluorescence intensity
from nine stained microsensors.

2.3.2 Manipulation and immobilization of the microsensor using zeta

potential control

Figure 2.7 shows experimental results of pick-up and immobilization of
the microsensor using a micromanipulator and zeta potential control. The final
concentration of the microsensor in the glass bottom dish was 9.3x107
particles/mL. A single microsensor could be picked-up within a few minutes
at this concentration. At first, UV light from the mercury lamp (A: 330-380 nm)
was used to irradiate the target microsensor. The UV and VIS power densities
were about 3.5 mW/cm? and 5.4 mW/cm?, respectively. The zeta potential of
the UV-irradiated microsensor switched to positive. The microsensor was
picked up using a glass nanoprobe by the Coulomb force, as shown in Figure
2.7(b). The microsensor was kept on the glass nanoprobe at least 5 min under
VIS light irradiation. Table 2.1 shows the success rate of the pick-up of the
single microsensor with and without UV irradiation in a different solution.
The effect of the solution was evaluated using PBS and DMEM+FBS. Over ten
microsensors were evaluated under each condition. In PBS, the success rate of

the pick-up of the microsensor without UV irradiation was only 10%. On the
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other hand, the success rate was increased to 75% with UV irradiation. In
DMEMH+FBS, the success rated of pick-up with and without UV irradiation
were 43% and 5%, respectively. Based on these results, the PBS is suitable for

the pick-up of the microsensor using optical control of the zeta potential.
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Figure 2.7 : Pick-up and immobilization of the microsensor using a micromanipulator and
optical control of the zeta potential.

(a) The approach of the glass nanoprobe under UV irradiation; (b) Pick-up of the
microsensor; (c) Contact of the microsensor to the membrane of a Madin-Darby Canine
Kidney (MDCK) cell; (d) After immobilization of the microsensor.

Figure 2.7(c, d) shows immobilization of the microsensor to an MDCK
cell. The positively-charged microsensor on the glass nanoprobe contacted the
cell membrane and was immobilized on it by the Coulomb force since the zeta
potential of the cell was negative. The success rate of cell immobilization with
UV irradiation was 64%. The success rate of cell immobilization was lower

than that of pick-up. The reason is likely the effect of the position of the

microsensor on the glass nanoprobe. When the microsensor was on the tip of
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the glass nanoprobe, the success rate of cell immobilization was high, since the
contact of the microsensor with the cell membrane is easy. On the other hand,
when the microsensor was at the upper side of the glass nanoprobe, the
success rate was low, since contact with the cell membrane is difficult. This
problem will be addressed by adding a rotating mechanism to the

micromanipulator for attitude control of the microsensor.

Table 2.1 : Success rate of pick-up of the microsensor by the glass nanoprobe without/with

UV irradiation.
Solution Without UV With UV
PBS 10% 75%
DMEM+FBS 5% 43%

DMEM: Dulbecco’s Modified Eagle Medium; FBS: Fetal bovine serum; PBS: Phosphate-
buffered saline.

2.3.3 Injection of the microsensor by local laser heating

Figure 2.8 shows the injection result of the microsensor into an MDCK
cell by local laser heating. MDCK cells were stained with a cell-permeable
fluorescent dye (Calcein-AM) after laser irradiation and kept in the incubation
chamber for 30 min at 37 °C. To observe cell viability and position of the
fluorescence microsensors after injection, 3D fluorescence images were
acquired using a confocal laser scanning system approximately one hour after
injection. Alive cell can be detected by observing the fluorescence of Calcein-
AM, since Calcein-AM in the cytoplasm of alive cells is hydrolyzed by esterase
activity and emits green fluorescence. The damaged cells were not evaluated
in this study since MDCK cells are not stained using Ethidium homodimer-1
(EthD-1) as reported by Zhong et al. [96,97]. EthD-1 is cell-impermeant and
only enters cells with damaged membranes producing red fluorescence. In this

study, I considered cells are alive if they emitted green fluorescent since
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Calcein-AM in the cytoplasm of alive cells is hydrolyzed by esterase activity
and emits green fluorescence. Local laser heating was performed using the
focused NIR laser at 28 mW, as in Zhong et al. [97]. The extinction coefficient
of water is 14.2 m? at 1064 nm laser [189]. This value is quite small, so the

temperature increase of water by laser heating can be ignored.
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Figure 2.8 : Injection of the immobilized sensor by local laser heating.
(a) Optical image of the microsensors on an MDCK cell; (b) Fluorescence image before
injection (red is the microsensor, bright green is fluorescence from the cell); (c) Cross-
sectional view of microsensor A before laser irradiation (x-x"); (d) Cross-sectional view of

Cytoplasm 8-

microsensor B before laser irradiation (y-y’); (e) Cross-sectional view of microsensor A after
laser irradiation; (f) Cross-sectional view of microsensor B after laser irradiation.

Figure 2.8(a) shows the optical image of two microsensors on an MDCK
cell. Positions of microsensors A and B were confirmed by cross-sectional
fluorescence imaging, as shown in Figure 2.8(c, d). In these images, both
microsensors are red, and the MDCK cell is green. Therefore, both sensors
were located on the cell membrane. The distance between these microsensors
was approximately 3 um. After irradiation with the NIR laser to microsensor

B for one second, it was injected into the MDCK cell. The positions of these
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microsensors are shown in Figure 2.8(e, f). While microsensor B was inside the
MDCK cell, microsensor A was still on the cell membrane. This result indicates
that author succeeded in the local injection of an arbitrary microsensor on the
cell membrane by local laser heating. Moreover, the MDCK cell injected the
microsensor still emitted green fluorescence. Among five attempts to inject a
microsensor using local laser heating, four were successfully injected, and all
four cells were alive after injection. Therefore, the success rate of injection and
cell viability were 80% and 100%, respectively. The effect of the microsensor
size was not examined in this study. Zhong et al. reported the injection of
polystyrene nanobeads containing iron oxide nanoparticles by local laser
heating [96,97]. The diameters of the polystyrene nanobeads were 300 nm and
750 nm. As in that study, the polystyrene nanobeads used here had a diameter
of 750 nm. Applying the current method to other bead sized will be the topic

of a future study.

24  Summary

In this chapter, a new approach for the manipulation and injection of a
single microsensor into a cell using a glass nanoprobe with optical control of
the zeta potential and local laser heating was presented. This method was
suitable for selective manipulation of a fluorescence microsensor since the tip
was safe for contact with cell membranes, and transparency of the glass
allowed for observation of the microsensor. This approach was also suitable
for improving immobilization of the microsensor to the cell membrane. The
microsensor was stained with Rhodamine B, and could be used for
temperature measurement. Photo-isomerization of SP achieved a switch of the

zeta potential of the microsensor from negative to positive. The positively-
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charged microsensor made the pick-up and transport by the negatively-
charged glass nanoprobe and immobilization on a cell membrane much easier
rather than without UV irradiation. Success rate of the pick-up and cell
immobilization of the microsensor were improved to 75% and 64%,
respectively. Moreover, the immobilized microsensor was injected into the cell
cytoplasm by NIR laser irradiation within one second. The injection rate and
viability of the injected cells were 80% and 100%, respectively.

Liu et al. achieved pH measurement of an influenza virus-infected cell
on the cell membrane using a fluorescence microsensor [190]. However,
intracellular measurement was not achieved since rapid injection of the
selected microsensor into a specific cell was still too difficult. The current
proposed method allowing injection of a fluorescence microsensor will be a
break-through for single cell analyses such as pH and temperature

measurements inside virus-infected cells.
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Chapter 3

Injection of a Fluorescence
Microsensor into a Specific Cell by
Laser Manipulation and Heating
with Multiple Wavelengths of Lights

3.1 Introduction

Recent advances in micromanipulation and micro-sensing techniques
have enabled the analysis of intracellular mechanical and environment
parameters and activity changes due to external stimuli through manipulation
and measurement within specific cells [191]. For example, in the cell infection
of an influenza virus, the growth of the virus in the cell nucleus leads to (1) an

increase in temperature with the consumption of ATP [192], and (2) a decrease
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intracellular pH [190]. Techniques to directly measure intracellular
biochemical parameters are needed to analyze in detail the changes in the
activity of these cells [22]. These techniques develop potential therapeutic
approaches by decoding cell function, inducing cell fate, and reprogramming
cell behavior. However, the measurement of environment parameters inside
cells has not been well studied compared with the measurement of
environment parameters around cells or at the cell surface.

Direct measurement of intracellular environment parameters requires
the injection of microsensors into a specific cell and the measurement of
environment parameters [193]. Intracellular environment measurements
using microsensors can be are classified into tethered and non-tethered
approaches. A tethered approach involves inserting sharp micropipettes or
cantilevers into cells that have electrode or optode probe integrated at the tips
of a few micrometers [194]. However, tethered approaches need to maintain
intracellular and extracellular connections of the microsensor and, therefore,
not suitable for long-term and multi-point measurements [195]. Moreover,
these approaches have a risk of cell damage by microsensor insertion.

On the other hand, non-tethered approaches include the injection of the
microsensors capable of measuring environment parameters in a non-contact
method, such as magnetic and optical techniques. As a magnetic microsensor,
an oxygen concentration sensor has been developed by electron paramagnetic
resonance method using microparticles of Lithium phthalocyanine [196].
Although low invasive measurements can be realized by using magnetic
particles with low cytotoxicity, there are issues such as the need for several
tens of seconds for a single measurement and the influence of other

environment parameters to be measured.

62



As an optical microsensor, a method has been developed for producing
microparticles doped with an environment-sensitive fluorescent dye and
measuring changes in environment parameters such as temperature, pH,
oxygen concentration, and ion concentration from the change of fluorescence
intensity [43]. Fluorescent dyes have been developed that are sensitive to a
wide variety of environments and doping the dye into microparticles of low
cytotoxic polymers and hydrogels allows measurement of multiple
parameters. The change in fluorescence intensity of the microsensor can be
measured by CCD from microscopic images, and the time required for a single
measurement is from several hundred milliseconds to a few seconds.
Researchers in Arai lab have studied the measurement of environment
parameters of cells using fluorescent microsensors and discovered that the cell
infected with influenza virus increased temperature by 4.2 °C and decreased
pH by 0.6 at 4 hours after infection on the surface using 1 um fluorescence
microsensor [190,192].

Intracellular measurements with fluorescent microsensors using a non-
tethered approach require manipulation and cell injection of a single
fluorescent microsensor. Micromanipulators [126,197], micropipette
aspiration [198,199], dielectrophoretic (DEP) tweezers [200], magnetic
tweezers [201,202], and optical tweezers [159,167,168,173] have been
developed as manipulation techniques for single microsensor. While
micromanipulator has promising advantages such as high power, multi-
dimensional, and high-resolution manipulation, manipulation of the order of
1 pm requires advanced skill. ~Manipulation of a single fluorescence
microsensor by fixing to the tip of the micropipette by aspiration also have the
difficulty of manipulating a single microsensor of 1 pm. A microsensor made

of dielectric materials is captured and manipulated with DEP tweezers, but
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the capture force is as low as 50 pN [200]. Magnetic tweezers achieve precise
three-dimensional manipulation of single microsensor. However, the complex
magnetic field circuit is needed to be constructed around the sample on the
microscope [202]. Optical tweezers are capable of three-dimensional
manipulation of single microsensors in water to achieve a strong operating
force of 100 pN or more. Liu et al. have applied optical tweezers with 1064 nm
laser to manipulate microtools and measurement of cell environment
parameters using fluorescent microsensors [68].

On the injection of microsensors into a specific cell, high success rates,
low invasiveness, and short induction times are important parameters [110].
Naturally, cell membranes resist the penetration into the cytoplasm against
external molecules such as drugs, organic and micro-nanoparticles. Thus, a
successful injection of microsensors requires passage through this barrier
using either biochemical or physical methods [68]. To date, biochemical
methods such as endocytosis and lipofection and physical methods such as
microinjection [203], electroporation [114,115], and laser heating [106,179]
have been developed. Biochemical techniques such as endocytosis and
lipofection are minimally invasive to cells, but the injection of a 1 um object
takes more than one hour. In physical techniques, a microinjection is a simple
approach, but this method easily damages cells. Electroporation injects
nanoparticles from holes generated by applying a pulse current to the cell
membrane, but there are challenges such as difficulty in a selective injection of
a single microsensor and risk of cell damage. Laser heating of metal
nanoparticles is accomplished within a few seconds for rapid injection, but the
method has a challenge of low viability of the injected cells. Researchers in
Arai Lab have used local laser heating to demonstrate rapid and low invasive

injection of magnetic fluorescence microsensors made of 1 polystyrene
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microparticle containing 20 nm iron oxide nanoparticles [97,204]. However,
manipulation of single fluorescence microsensor by optical tweezers could not
be applied since the iron oxide nanoparticles absorb 1064 nm laser and caused
the high temperature to increase during operation using optical tweezers.
This chapter presents a unique laser injection method that manipulates
fluorescent microsensor by optical tweezers and injects fluorescence
microsensor to the cytoplasm by laser heating to achieve intracellular
environment parameter measurements using a non-tethered approach. By
incorporating a dye with wavelength-selective absorption dye into a
fluorescence microsensor, the two functions of manipulation and cell injection
are controlled by switching the wavelength of input laser. The manipulation
of the fluorescence microsensor is conducted by optical tweezers with a 1064
nm laser. Fluorescence microsensors are injected into the target cell using laser
heating with 808 nm laser. Environment parameters are measured using
fluorescence measurements at wavelengths from ultraviolet to visible light.
Fabrication and evaluation of fluorescence microsensor were conducted and

demonstration of injection of the fluorescence microsensor was performed.

3.2 Materials and Methods

3.2.1 Principle of optical injection of single fluorescence microsensor to a
specific cell by optical manipulation and heating with multiple

wavelength lights

Figure 3.1 shows the classification of conventional injection of
fluorescence microsensor into a specific cell.
A)  Micromanipulation and insertion of the fluorescence microsensor by a

mechanical micromanipulator. The fluorescence microsensor is
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B)

manipulated to the target cell and inserted inside the cell by mechanical
force with a micromanipulator or micropipette.

Manipulation of the fluorescence microsensor by optical tweezers and
injection by endocytosis and lipofection. The fluorescence microsensor
is manipulated by optical tweezers and immobilized on the cell surface
and injected to the cytoplasm by endocytosis and lipofection.
Dispersion of the metallic fluorescence microsensor and injection by
local laser heating. Metallic fluorescence microsensors is dispersed on
the cell surface and immobilized microsensor is injected by laser
heating.

Manipulation and injection of the microsensor by multiple wavelength
lights. Manipulation of fluorescence microsensor and injection of the
microsensor to the cytoplasm by laser hating using multiple

wavelength lights.

Micromanipulator
Microsensor

O/\ Endocytosis

Laser <5
nucleus manipulation nucleus

Microsensor

(a) (b)

Microsensor

o Dispersed microsensor O Laser heating
Laser heatin s

o Laser
‘ nucleus manipulation
a

(©) (d)

Figure 3.1 : Classification of injection of the microsensor into a specific cell.

(a) Micromanipulation and insertion of the microsensor by mechanical micromanipulator,
(b) Manipulation of the microsensor by optical tweezers and injection by endocytosis, (c)

Dispersion of the microsensor and insertion by local laser heating, (d) Manipulation and

injection of the microsensor by multiple wavelength lights.
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While method (A) can achieve the fluorescence microsensor can be
inserted to the target cell accurately, the mechanical injection easily damages
the cell and skillful operator is required.

Method (B) manipulate the single fluorescence microsensor coated by
lipid membrane by optical tweezers with 1064 nm laser and immobilized on
the cell membrane. After immobilization, the microsensor is injected into the
cell by endocytosis or lipofection. While this method is low-invasive to a cell,
endocytosis takes a long time for injection. For example, injection of 1 pm
microsensor took 3 hours. We also reduced the injection time until 30 minutes
by local vibration stimulus on the cell membrane by optical tweezers.
However, it still takes a long time.

Method (C) can achieve short-time injection by heating the metallic
fluorescence microsensor containing metal material, for example, iron dioxide,
by laser irradiation. The laser heating induces the melting cell membrane and
the injection of the microsensor on the cell membrane. By adjusting the
appropriate laser power, injection of 750 nm fluorescence microsensor was
injected within 2 seconds with 100% injection success rate and 90% viability.
However, metallic fluorescence microsensor cannot be manipulated by optical
tweezers since metal material absorbs laser. Although the manipulation and
cell immobilization of the metallic fluorescence microsensor using
micromanipulator was also succeeded, picking the metallic fluorescence
microsensor and immobilizing the microsensor to cell membrane take time.

In this study, a unique method for injecting a single fluorescence
microsensor into a specific cell using optical manipulation and heating with
multiple wavelengths of light was proposed, as shown in Figure 3.1(d) and
Figure 3.2. The fluorescence microsensor is made of a 1 um diameter

polystyrene microparticle containing Rhodamine B and IR (808 nm) absorbing
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dye. The polystyrene microparticle can be manipulated in water using a 1064
nm laser as the refractive index of the polystyrene is 1.6 (refractive index of
water: 1.3). Rhodamine B is a temperature-sensitive fluorescent dye (excitation
wavelength: 488 nm, emission wavelength: 560 nm). The IR absorbing dye
absorbs 808 nm light but does not absorb 1064 nm laser light. Therefore, the
wavelengths chosen for each function do not interfere with each other. First, a
fluorescence microsensor is manipulated to the target cell membrane using
1064 nm laser optical tweezers. Then, the fluorescent microsensor is injected
into the cytoplasm by heating with an 808 nm laser on the cell membrane.

This newly proposed method for the injection of a fluorescence
microsensor into a specific cell using optical manipulation and heating can
achieve selective, low invasive, and rapid injection of the fluorescence
microsensor.

Fluorescence microsensor

808 nm laser for heating

Cell membrane
/ =
1064 nm laser
for transport

Glass  |njected sensor

Figure 3.2 : A schematic diagram of optical manipulation of fluorescence microsensor to a
specific cell by local heating using multiple wavelength lights.

3.2.2 Experimental setup

A schematic of the experimental setup consisting of optical tweezers
and heating system with laser confocal fluorescent microscopy is shown in
Figure 3.3. A commercialized inverted optical microscope (IX71, Olympus,
Tokyo, Japan) with a fluorescence observation system was used for observing

the microsensor and cell [177]. To acquire the manipulation image and
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fluorescence image, EM- CCD (iXon Ultra, Andor, Canada) and confocal laser
scanning system (CSU-X1, Yokogawa Co. Ltd., Japan) with excitation laser of
488 nm were used. The optical tweezers system generated by diode-pumped
Nd:YAG/YVO: laser (IPG laser) with 1064 nm wavelength and 10 W of
maximum power was used for the manipulation process of the fluorescence
microsensor. The power of the 1064 nm laser was adjusted 40 mW on the
objective lens. An 808 nm continuous wave laser (OBIS, Coherent) with a
maximum power of 150 mW was used for local heating. The power of 808 nm
laser was also adjusted 40 mW on the objective lens. The diameter of both laser
circle focus point was approximately 1.4 um. Piezoelectric z-stage (PI) with the
high magnification objective lens (Plan Fluor 100x, Olympus, Japan) was used
for acquiring a 3D fluorescence image. Moreover, the cell-culture chamber
(ZILCOS, Tokai hit, Japan) was used for maintaining the temperature of the

cell environment at 37 °C during the experiment.

Incubator

Cell Glass Bottom Dish
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Figure 3.3 : Experimental setup.

3.2.3 The fabrication process of the fluorescence microsensor

In this paper, the fluorescence microsensor was fabricated and used to
verify the proposed injection method. A schematic image of the fluorescence

microsensor is shown in Figure 3.4. Figure 3.5 shows the fabrication process of

69



fluorescence microsensors made of 1 um amino-coated polystyrene

microparticle (Funakoshi, Japan), Rhodamine B (Wako pure chemical), which

is a temperature-sensitive fluorescence dye, and IR absorbing dye FDN-002

(Yamada Chemical Industry, Japan). The excitation and emission wavelength

of Rhodamine B are 488 nm and 580 nm, respectively. IR absorbing dye FDN-

002 was used for heating by 808 nm laser. The absorption of the 1064 nm laser

is quite low in this dye.

The fabrication process of the hydrogel fluorescence microsensor is as

follows:

1.

Injection of 100 uL amino-coated polystyrene microparticle in 1.5 mL
microtube.

Preparation of staining solution containing 1 mg/L Rhodamine B and 1
mg/mL IR absorbing dye in ethanol solution.

A stain of the amino-coated polystyrene microparticle by staining
solution for 30 minutes.

Centrifuging the stained microsensors at 10000xg for 15 minutes for
washing.

The repeat of the washing process at five times.

Figure 3.6 shows the bright field and fluorescence images of fabricated

fluorescence microsensors.

Polystyrene Rhodamine B +
particle (¢1 um) IR (808 nm) absorbing dye

Fluorescence microsensor

Figure 3.4 : A schematic image of fluorescence microsensor.
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Figure 3.5 : Fabrication process of fluorescence microsensor.
(a) Mixing the materials of fluorescence microsensor, (b) Staining, (c) Replace of staining
solution to water, (d) Washing by DI water, (e) Collection of the microsensor.
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Figure 3.6 : Bright field and fluorescence image of fluorescence microsensor.
(a) fluorescence microsensor in bright field, (b) Fluorescence image.

3.2.4 Cell culture

MDCK cells were used in the injection experiment. MDCK cells were

cultured in a 27 mm diameter of the glass-bottom dish containing 2.0 mL of

DMEM and 0.2 mL of FBS. The culture conditions were 5% CO2 and 95% air at

37 °C. MDCK cells were cultured for 8 h prior to the injection experiment.
MDCK cells were stained after injection with Calcein-AM (excitation
wavelength: 488 nm, emission wavelength: 515 nm) to investigate the cell
viability. Calcein-AM in the cytoplasm of alive cells is hydrolyzed by esterase
activity and emits fluorescence of Calcein-AM. A 100 uL of 0.5 mg/mL Calcein-
AM solution was added to the glass-bottom dish. The stained MDCK cells

were incubated at 37 °C for 30 min. Then, the fluorescence of Calcein-AM

inside MDCK cell was observed approximately one hour after the injection.
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3.3 Results and Discussion

3.3.1 Size evaluation of fluorescence microsensor

First, the size distribution of the fluorescence microsensor was
evaluated as the staining solution containing ethanol could have dissolved the
polystyrene, causing changes in the sensor size and shape. In optical tweezers,
the spherical structure is suitable for stable manipulation. In fluorescence
temperature measurement, relative fluorescence intensity and temperature
were calibrated using fluorescent microsensors with uniform size. If the size
of fluorescence microsensors varies, the fluorescence intensity of microsensors
varies even at the same temperature. The mean diameter of the microsensor
was evaluated using a tunable resistive pulse sensing (TRPS) nanoparticle
analyzer (qNano, Izon Science Ltd., New Zealand). The mean size of the
microsensor was evaluated by collecting calibration data using approximately
10000 commercial 1 pm microparticles (4010A, Thermo Scientific, USA).
Figure 3.7 shows the size distribution of the fluorescence microsensor. The
measured mean size of the microsensor was 0.98 um and the standard
deviation was approximately 0.1 pum. These results confirmed that the
fabrication process does not have adverse effects on the sensor size
distribution of the sensor.
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Figure 3.7 : Size distribution of fluorescence microsensor.
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3.3.2 Temperature calibration of fluorescence microsensor

There is a proportional relationship between the relative fluorescence
intensity of Rhodamine B and temperature ranging from 0 °C to 100 °C [205].
Therefore, the temperature range of calibration was chosen from 30 °C to 40 °C
to acquire the temperature sensitivity of fluorescence microsensors. Figure 3.8
shows the calibration data for the relative fluorescence intensity as a function
of temperature. The horizontal and vertical axes show the temperature
measured by the thermopile in the chamber and the relative fluorescence
intensity based on the fluorescence intensity at 30 °C, respectively. The
fluorescence intensity of the hydrogel fluorescence microsensor decreased
monotonically with increasing temperature. The fitting obtained using the

least-squares method is shown in Equation 3.1.
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The temperature sensitivity of the hydrogel fluorescence microsensor was
calculated to be -1.5 %/°C and the precision of the temperature measurement

was +0.5 °C.
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Figure 3.8 : Calibration result of relative fluorescence intensity of the fluorescence
microsensor with temperature.
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3.3.3 Heat evaluation of fluorescence microsensor using 1064 nm and 808

nm lasers

To confirm the wavelength-specific heating of the fluorescence
microsensor, the absorbance properties of the fluorescence microsensor were
evaluated as shown in Figure 3.9. First, the absorbance property of the FDN-
002 was evaluated. A glass microchannel (depth: 150 um) was fabricated and
the FDN-002 ethanol solution was injected into the microchannel. 1064 nm and
808 nm lasers were applied, and the laser power was measured before and
after passing through the microchannel. Figure 3.9 shows that the absorbance
rates of the 1064 nm and 808 nm lasers at 1 mg/mL were 1% and 85%,
respectively. This result confirmed the wavelength selectivity of the laser
heating of the fluorescence microsensor.

Figure 3.10 shows the experimental results for the temperature
measurement using the fluorescence microsensor during optical heating with
1064 nm and 808 nm lasers. Both laser powers were adjusted by 40 mW. The
environmental temperature was maintained at 37 °C using the cell culture
chamber. Temperature measurement was conducted at every 1 s. First, single
fluorescence microsensors were trapped using the 1064 nm laser to avoid heat
diffusion to a glass substrate. After 22 temperature measurements, the
fluorescence microsensor was irradiated with the 808 nm laser. In the case of
1064 nm laser irradiation, the temperature remained almost uniform, while the
temperature dramatically increased under 808 nm laser irradiation. The
approximate temperature of the fluorescence microsensor increased by 15 °C
for 10 s heating. In the previous study performed in Arai Lab, 50 °C was
required to inject a microsensor using laser heating [97]. As the environmental
temperature was maintained at 37 °C, the observed heating properties were

considered sufficient for the injection of the fluorescence microsensor into
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cytoplasm. These results confirmed the effectiveness of selective laser heating

of the microsensor using IR absorbing dye.
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Figure 3.9 : Comparison of absorption rate of IR absorbing dye between 808 nm and 1064 nm
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Figure 3.10 : Measurement of temperature increase of fluorescence microsensor by
irradiating 808 nm laser.

3.4  Manipulation and injection of the fluorescence microsensor into

MDCK cell

Figure 3.11 shows the optical injection of the fluorescence microsensor
using optical manipulation with a 1064 nm laser and heating using a 808 nm
laser. Both laser powers of 1064 nm and 808 nm were adjusted to 40 mW. The
environmental temperature was maintained at 37 °C by a cell culture chamber.

MDCK cell was used as a sample specimen. As shown in Figure 3.11(a), the
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fluorescence microsensor was successfully trapped by optical tweezers with
1064 nm. After transport of the fluorescence microsensor to the target cell
membrane. Then, the fluorescence microsensor was heated by 808 nm laser for
10 seconds. After laser heating, the focus plane of the fluorescence microsensor
was moved to downward (inside the cytoplasm). The success rate of the

injection was 70% (Total number of experiments was 10).

@ (b)

© ‘ (@
Figure 3.11 : Manipulation and injection of fluorescence microsensor to MDCK cell.
(a) A trap of the microsensor, (b) Transport to MDCK cell, (c) Contact to the cell membrane,
(d) 808 nm laser irradiation to the sensor.

To confirm the injection of the fluorescence microsensor into MDCK
cells, laser-confocal fluorescence imaging of the MDCK cell and the injected
fluorescence microsensor was acquired for the whole cell (pitch of the slice
image: 0.5 um) as shown in Figure 3.12. From Figure 3.12(b) the presence of
the fluorescence microsensor inside the cytoplasm of the MDCK cell was

observed. Moreover, the location of the fluorescence microsensor inside the
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MDCK cell was confirmed by the cross-sectional image as shown in Figure

3.12(d).

Fluorescence Alive cell
sensor Injected sensor\

4 Injected sensor
e, TN
X
(a) (d)

Figure 3.12 : Fluorescence image of injected fluorescence microsensor.

(a) Fluorescence image at 3 um upper to focus plane of the microsensor, (b) Fluorescence
image at focus plane of the microsensor. (c) Fluorescence image at 3 um upper to focus plane
of the microsensor. (d) Upper: zoom image of red rectangle at (c), lower: cross-sectional
image at A-A’ line. (amber: fluorescence microsensor, green: cytoplasm of alive cell).

Table 3.1 shows the comparison of the proposed method with the
previous work [68,204]. The injection time was defined as the duration of laser
heating or vibration-assisted endocytosis in this study. The manipulation of
fluorescence microsensors by optical tweezers has an advantage in
transporting to target cells relative to the manipulation of fluorescence
microsensors incorporating metallic nanoparticles by a micromanipulator.
Injection of fluorescence microsensor by laser heating has the advantage of
short-injection time relative to vibration-assisted endocytosis. From these

results, the effectiveness of the proposed method was confirmed.
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Table 3.1 : Comparison of injection time and success rate of injection by the proposed
method and previous work.

Method Manipulation Injection time Success rate
Proposed method Optical tweezers <10s 70%
Vibration-assisted Optical tweezers 30 min 71%

endocytosis [68]

Manipulation and Micromanipulator 2s 60%
heating of metal
containing sensor [204]

3.5  Summary

In this study, the author proposed and experimentally confirmed the
optical injection of a single fluorescence microsensor into a specific cell using
optical manipulation and heating with multiple wavelengths of light. The
fluorescence microsensors stained with Rhodamine B and IR absorbing dye
were successfully fabricated. The fluorescence microsensor was not heated by
the 1064 nm laser, but the 808 nm laser did induce temperature changes.
Therefore, the trapping and manipulation of the fluorescence microsensor
with optical tweezers using a 1064 nm laser was succeeded. In the current
experimental setting, the direct measurement of light absorption property in
each 1 um microsensor was difficult. The direct evaluation of light absorption
property is future work. In addition, injecting the fluorescence microsensor
into a specific cell by heating with an 808 nm laser was succeeded.
Furthermore, the author showed the presence of the injected fluorescence
microsensor in the cell and demonstrated that the injected cell was still alive.
These findings demonstrate a high success rate (70 %), low invasive, and rapid
injection within 10 s. However, the measurement of time required for

fluorescence microsensors to cross the cell membrane is difficult in the current
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experimental system. The measurement of crossing time for fluorescence
microsensor is the future work.

The presented method can control the temperature of the microsensor
during the heating by measuring the temperature of the microsensor.
Therefore, this method has the potential for automated injection of

fluorescence microsensors to the target cells.
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Chapter 4

Hydrogel Fluorescence Microsensor
with Fluorescence Recovery for
Prolonged Stable Temperature
Measurements

4.1 Introduction

Both the measurement and control of the cellular environment with the
high spatial resolution are essential for investigating cellular conditions
systematically, defining normal cell-to-cell variation, quantifying the influence
of environmental perturbations, and understanding cellular responses in the
tissues and complex environments. For example, the local pH around

octacalcium phosphate in granule form was determined using an optical
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measurement method to analyze the release of inorganic phosphate ions from
octacalcium phosphate upon biomolecule absorption [206]. In addition to pH
measurement [190], the use of optical sensors to determine various
environmental parameters—such as temperature [192,207-209] and oxygen
concentration [210]—with the high spatial resolution is promising for
biological investigation.

Optical sensors using fluorescent dyes have significant potential in non-
contact measurement for microscale applications. Environmental parameters
such as temperature [27,50], oxygen concentration [211-213], pH [214,215],
and organophosphate compounds [216] can be measured by utilizing
fluorescent dyes that are sensitive to these parameters. The author has
developed fluorescence sensors in which fluorescent dyes are impregnated
into various processable materials such as polymers, photoresists, and
hydrogels [46]. Fluorescence sensors have paved the way for the investigation
of cells, tissues, and the environmental conditions of culture systems, amongst
other parameters.

The fluorescence of the sensor can be measured in terms of its
fluorescence intensity and fluorescence lifetime [192,210,217,218]. The direct
introduction of fluorescent dyes into cells carries the risk of cell damage as
well as the efflux of the dyes. Therefore, the impregnation of fluorescent dyes
into microparticles made of polymers and hydrogels enables low invasivity
and long-term measurement. Changes in the fluorescence intensity and
fluorescence lifetime of the microsensor can be measured using a microscope
with an image sensor, such as a CCD. This approach is suitable for multipoint
measurement [219]. In addition, positioning the microsensor at arbitrary
points is possible through the manipulation of the microsensor using non-

contact techniques such as optical tweezers [74,192,204].
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When using fluorescent microsensors, photobleaching of the
fluorescent dyes that occurs as a result of exposure to the light required for
observation is one of the most critical issues [220]. When a sensor is irradiated,
some of the fluorescent molecules are excited, resulting in their molecular
structure being altered, while the remaining molecules do not emit
fluorescence. In microscopic measurement, the effect of photobleaching must
be considered because the objective lens focuses the excitation light, and high-
energy radiation reaches the fluorescence microsensor. The fluorescence
lifetime is used for stability measurements [218,221], however, the equipment
required for fluorescence lifetime measurement is expensive and not widely
used. In contrast, the equipment for fluorescence intensity measurement can
be more easily implemented. In this case, the effect of photobleaching on the
evaluation of fluorescence intensity is quite severe, which is related to the
concentration of the fluorescent dye.

This work proposes a new method for the prolonged stable
measurement of hydrogel fluorescence microsensors based on the
measurement of fluorescence intensity. Fluorescence recovery after
photobleaching is thought to compensate for the decrease in fluorescence
intensity of the microsensor [222,223]. In the hydrogel fluorescence
microsensors used in this work, the fluorescent dye is uniformly distributed.
When a region of the microsensor is photobleached by the exposure to light,
the unbleached fluorescent dye diffuses into the photobleached region. The
concentration of fluorescent dye in the photobleached portion is recovered
after an appropriate time interval, which enables stable fluorescence
measurements to be made over prolonged periods. The hydrogel fluorescence
microsensors were fabricated and evaluated the time interval of measurement,

material, the concentration of photo initiator, and composition of the
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fluorescence microsensor to investigate the effect of these parameters on
photobleaching. In addition, the effect of the microsensor size on the stability
of the fluorescence intensity was also evaluated. A temperature-sensitive
fluorescent dye was used for temperature measurement inside a stage-top
chamber, and a thermocouple was used for calibration to confirm the

effectiveness of the proposed measurement method.

4.2 Materials and Methods

421 Principle of photobleaching compensation for the hydrogel

fluorescence microsensor

Fluorescence intensity is represented by Equation 4.1 [224].

[ = I,PeCxexp(—t/T) 4.1)
where I [W] is the fluorescence intensity emitted from the fluorescent material
per unit time, I, [W] is the excitation light flux of the fluorescent material, @ is
the fluorescence quantum yield, € [mol/L] is the concentration of the
fluorescent dye, ¢ is the absorbance index [L/mol-cm], x [cm] is the diameter
of the hydrogel fluorescence microsensor, t [s] is the total exposure time, and
7 [s] is the decay coefficient of the fluorescence intensity. The structure of some
of the fluorescent dye molecules changes to a non-fluorescent structure with
every exposure to the excitation light. Therefore, the concentration of
fluorescent dye and the fluorescence intensity decrease with increasing
measurement repetition. This phenomenon, known as photobleaching, is one
of the most serious challenges in achieving long-term stable measurement
based on fluorescence intensity. The recovery of the concentration of the
fluorescent dye after exposure is a promising approach for addressing this

limitation.
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Figure 4.1 shows a schematic diagram of fluorescence intensity
recovery in the hydrogel fluorescence microsensor. The microsensor is made
of photo-crosslinkable hydrogel, water, and fluorescent dye. The fluorescent
dye is uniformly distributed inside the microsensor, which is made of the
photo-crosslinkable hydrogel. In this method, a confocal laser scanning
microscope is used to measure the fluorescence. The excitation laser is scanned
inside the microsensor to measure fluorescence. All fluorescent dyes in the
path of the excitation laser will photo-bleach by laser excitation. The
dependency of photo-bleaching to the intensity of excitation laser has been
reported previously in reference [225]. The study indicated that the higher the
excitation laser intensity, the higher the photobleaching of fluorescent dye.
Distribution of laser intensity is determined by the laser profile of the focused
laser beam. Laser intensity of the laser focused area is considered higher than
that of the other part. Therefore, based on reference [225], the effect of photo-
bleaching at the laser focused area is considered higher than that at the other
part of total excited area. The thickness of the laser focused area is highlighted
in yellow in Figure 4.1(a). Fluorescent dye in the microsensor emits
fluorescence and some of the fluorescent dye molecules are bleached. As a
result, the concentration of unbleached fluorescent dye decreases as shown in
Figure 4.1(b). The bleached and unbleached fluorescent dyes then diffuse
inside the hydrogel fluorescence microsensor to give uniform concentrations
of both dyes across the microsensor. After diffusion of the dyes is complete,
the concentration of unbleached fluorescent dye at the laser focused area is

recovered, as shown in Figure 4.1(c).
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Figure 4.1 : Schematic diagram of fluorescence recovery after photobleaching in a hydrogel
fluorescence microsensor.

(a) Scanning of the hydrogel fluorescence microsensor with the excitation laser for
measurement, (b) Diffusion of unbleached fluorescent dye in the hydrogel fluorescence
microsensor, (c) Hydrogel fluorescence microsensor with recovered unbleached fluorescent
dye distribution.

The time required for the diffusion of unbleached fluorescent dye
depends on the concentration of the hydrogel. The low-concentration
hydrogel allowed the fluorescent dye to demonstrate high diffusivity. The
relationship between the size of the hydrogel fluorescence microsensor and
the thickness of the excitation area is critical for the long-term stability of the
fluorescence intensity. In photobleaching compensation, unbleached
fluorescent dye moves to the excitation as some of the fluorescent dye
molecules in the excitation area are bleached by irradiation with the excitation
light. The thickness of the excitation area D is calculated using Equation 4.2
[223].

0.671
D= = (4.2)

n—+/n?—(NA)?
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where 4., is the wavelength of the excitation light, n is the refractive index of
the solution, and NA is the numerical aperture. When 4., n, and NA are 561
nm, 1.33 (water), and 0.45, respectively, D is calculated as approximately 4.7
um. The amount of unbleached fluorescent dye is determined from the
concentration of fluorescent dye and the sensor size. Therefore, author assume
that a larger sensor represents a greater resistance to photobleaching.

In summary, using a hydrogel fluorescence microsensor with a size that
is larger than D and an appropriate interval time that is longer than the
diffusion time of the unbleached fluorescent dye, should result in long-term

measurement stability.

4.2.2 Experimental system

Figure 4.2 shows a schematic diagram of the experimental system. A
commercial inverted microscope (ECLIPSE Ti-E, Nikon) with confocal laser
scanning unit (CSU-X1, Yokogawa Electric Co.), objective lens (CFI
Apochromat 20 XC, Nikon), and electron multiplying-charge coupled device
(iXon Ultra, Andor Technology Ltd.) were used to acquire the confocal
fluorescence images. The diameter of the pinhole of CSU-X1 was 50 um. The
NA of the objective lens was 0.45. During the fluorescence measurement, the
focus of the fluorescence image was maintained using the automatic focusing
system (Perfect Focus System) of the Ti-E. An excitation laser with a
wavelength of 561 nm was used to excite the fluorescent dye in the hydrogel
fluorescence microsensor. A stage top incubator with a feedback temperature
controller (ZILCS, Tokai Hit) was placed on the microscope stage. The
accuracy of the temperature control was #0.3°C. The fluorescence
microsensors were attached to the glass surface of the glass bottom dish. First,

100 uL of the solution containing the fluorescence microsensors was dropped
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onto the glass surface. The fluorescence microsensors were fixed on the glass
surface by the evaporation of the solution as a result of heating for 30 min at
80°C on a hot plate. After fixing the fluorescence microsensors, 2 mL of
deionized water was introduced into the glass bottom dish. The dish was then
placed in the stage top incubator. A thermopile was used to measure the
temperature of the deionized water inside the glass bottom dish. The
acquisition of fluorescence images and analysis of the fluorescence intensity

were performed using NIS-Elements Ar software (Nikon).

Temperature controllable incubator
Water

Heater control unit
|
Temperature sensing unit (+0.3 °C)

Sensor

Stage Thermopile

Objective lens Laser source

¥

Laser confocal scanning unit = EM-CCD

(a)

A 4

Heater control unit Temperature
sensing unit

Incubator

(b) (©)
Figure 4.2 : Experimental system.
(a) Schematic diagram of the experimental system, (b) Photograph of the stage-top
incubator. (c) Temperature control unit for the stage-top incubator.

4.2.3 Fabrication of the hydrogel fluorescence microsensor

Hydrogel and polystyrene fluorescence microsensors were fabricated
to demonstrate the effectiveness of photobleaching compensation as a result
of the diffusion of unbleached fluorescent dye inside the hydrogel
fluorescence microsensor. Figure 4.3 shows the fabrication processes for the

hydrogel and polystyrene fluorescence microsensors. Both fluorescence
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microsensors were impregnated with Rhodamine B (Wako Pure Chemical Co.,
Japan), which is a temperature-sensitive fluorescent dye. The excitation and

emission wavelength of Rhodamine B are 561 nm and 580 nm, respectively

[43].
Mixing Stirring UV irradiation Centrifuge = Washing
: =D =D
> » B 25 » =
N\ .

Mineral oil Sensor materials DI water

(a)

Introduction Staining  Centrifuge  Washing

ﬁ»» »

Polystyrene Rhodamine B DI water
bead in ethanol

0|
0Tl

(b)
Figure 4.3 : Fabrication processes for fluorescence microsensors.
(a) Hydrogel fluorescence microsensor, (b) Polystyrene fluorescence microsensor. (UV:
ultraviolet, DI: deionized)

The hydrogel fluorescence microsensor consisted of PEGDA 575
(Sigma-Aldrich), deionized water, and Omnirad 1173 (BASF Japan Co., Ltd.),
which is a photo initiator. The hydrogel fluorescence microsensor was
fabricated using different concentrations of PEGDA 575 (9% and 99%) and
Omnirad 1173 (0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and 3.0%) to evaluate the effects
of the photo-crosslinkable hydrogel and photo initiator concentrations.

The fabrication process for the hydrogel fluorescence microsensor (9%

PEGDAS575, 1.0% Omnirad 1173) was as follows (Figure 4.3(a)).
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First, 100 uL PEGDA 575, 1000 puL deionized water, 100 uL Rhodamine
B aqueous solution (1 g/L), and 10 pL Omnirad 1173 were mixed, and
100 uL of the mixture was introduced into 1 mL of mineral oil in a 1.5
mL microtube.

The hydrogel fluorescence microsensor solution was emulsified by
stirring.

The hydrogel fluorescence microsensor emulsion was photo-
polymerized by ultraviolet light illumination (wavelength: 330-380
nm) for 10 min with Xcite-LED1 (Excelitas Technologies Corp.).

The polymerized microsensors were centrifuged at a speed of 14,000 g
for 15 min to concentrate the hydrogel fluorescence microsensors at the
bottom of the microtube.

The hydrogel fluorescence microsensors were washed by replacing the

mineral oil with deionized water.

A polystyrene fluorescence microsensor was fabricated for comparison

with the hydrogel fluorescence microsensor as fluorescent dye does not

diffuse in polystyrene. The polystyrene fluorescence microsensor consisted of

20 um polystyrene microparticles (Duke Scientific) and Rhodamine B. The

fabrication process is described in Figure 4.3(b) [43].

1.

First, 1 uL of polystyrene microparticles was stained with Rhodamine
B ethanol solution (1 g/L).

The stained fluorescence microsensors were centrifuged at a speed of
14,000 g for 15 min.

The stained microsensors were washed three times using DI water.
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Figure 4.4 shows the fluorescence images of the hydrogel fluorescence
microsensor and polystyrene fluorescence microsensor. The size of the
fabricated hydrogel fluorescence microsensors ranged from a few to 60 um as
shown in Figure 4.4(d). The evaluation of the photobleaching compensation

was performed using 20 um hydrogel fluorescence microsensors.

(b)

Population %

0 5 10 15 20 25 30 35 40 45 50 55 60
Diameter of fluorescence microsensor pm

(d)
Figure 4.4 : Fluorescence images of fabricated microsensors.

(a) Hydrogel fluorescence microsensor (low-concentration; 9% PEGDA 575), (b) Hydrogel
fluorescence microsensor (high-concentration; 99% PEGDA 575) (c) Polystyrene fluorescence
microsensor, (d) Diameter distribution of the hydrogel fluorescence microsensors (9%
PEGDADS575). (The concentration of Omnirad 1173 was 3.0%).
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4.3 Results

4.3.1 Comparison of photobleaching compensation for different sensor

materials

Figure 4.5 shows the comparison of the fluorescence intensity recovery
for the different microsensor materials. To compare the diffusivity of the
fluorescent dye in the microsensors, the concentrations of hydrogel material
(PEGDA 575) used to form the hydrogel fluorescence microsensors were set at
9% and 99%. The concentration of Omnirad 1173 was 3.0%. The size of both
hydrogel fluorescence microsensors was 20 um. The exposure and interval
times for excitation were 1 s and 10 min, respectively. The power of the
excitation laser was 20 mW. The temperature was maintained at 25°C. The
hydrogel fluorescence microsensor with 9% PEGDA 575 showed sufficient
recovery of fluorescence intensity for stable fluorescence measurement. The
standard deviation of the difference from the initial fluorescence intensity was
within 1%. In contrast, the hydrogel fluorescence microsensors with 99%
PEGDA 575 and the fluorescent polystyrene exhibited a continuous decrease
in fluorescence intensity (99% PEGDA: approximately 10%, polystyrene:
approximately 20%). The reason both the 99% PEGDA 575 and polystyrene
fluorescence microsensors did not show recovery of their fluorescence
intensity is thought to be that the unbleached fluorescent dye was not able to
diffuse effectively into the depleted region within the interval time. These
results indicate that the diffusivity of the fluorescent dye inside the
microsensor was one of the critical parameters for photobleaching

compensation.
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Figure 4.5 : Comparison of the fluorescence intensity recovery for the different sensor
materials.

4.3.2 Effect of measurement interval time on photobleaching

compensation

The fluorescence intensity of 20 um hydrogel fluorescence sensors (9%
PEGDA 575, 3.0% Omnirad 1173) was repeatedly measured at various time
intervals to investigate the required interval time for the recovery of
fluorescence intensity at each measurement. The exposure time was set at 1 s.
The interval time was changed to 0, 1, 2, 4, 6, and 8 s. An excitation laser with
wavelength of 561 nm was set at 20 mW. The temperature was maintained at
25°C throughout the experiments. Experiments with each of the interval
periods were repeated 100 times. Figure 4.6 shows the relationship between
the variation of fluorescence intensity of hydrogel fluorescence microsensors
with different interval times. The relative fluorescence intensity of the
hydrogel fluorescence microsensors decreased by more than 1% for interval
times shorter than 4 s. However, for interval times of 6 or 8 s, the fluorescence
intensity decreased slightly less than 1% after 100 excitations. These results
showed that photobleaching compensation depends on the interval time

between exposures.
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Figure 4.6 : Relationship between the variation of fluorescence intensity of the hydrogel
fluorescence microsensor (9% PEGDA 575) and the interval time between exposures.

4.3.3 Effect of photo initiator concentration on photobleaching

compensation

Figure 4.7(a) shows the relationship between the variation of
fluorescence intensity and the concentration of photo initiator. For this
investigation the excitation and interval times were set at 1 s and 6 s,
respectively. The temperature was maintained at 25°C throughout the
experiments. Each point in the figure shows the average value for 10 hydrogel
fluorescence microsensors with different concentrations of photo initiator.
Hydrogel fluorescence microsensors with less than 1.5 % photo initiator did
not recover well. In contrast, hydrogel fluorescence microsensors with more
than 2% photo initiator exhibited clear recovery from photobleaching (Figure
4.7(b)). The effect of the concentration of photo initiator on the diffusion
coefficient of Rhodamine B in PEGDA 575 hydrogel has been reported
previously [226]. The findings of the study indicated that the higher the
concentration of photo initiator, the higher the diffusion coefficient of

Rhodamine B in the PEGDA 575 hydrogel. Based on reference [226], a
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concentration of photo initiator is considered influential for the recovery of

fluorescence in the fluorescence microsensor.
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Figure 4.7 : Evaluation of the effect of photo initiator concentration on photobleaching
compensation.

(a) Comparison of the relative fluorescence intensity variation of hydrogel fluorescence
microsensors with various concentrations of photo initiator. (b) Relationship between the
photo initiator concentration and the fluorescence intensity decrease rate after 100
measurements.

4.3.4 Effect of sensor size on fluorescence intensity recovery

Figure 4.8 shows the relationship between the relative fluorescence
intensity recovery and the size of the hydrogel fluorescence microsensor with

9% PEGDA 575. The concentration of Omnirad 1173 was 3.0%. The diameter
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of the hydrogel fluorescence microsensors investigated was 5, 10, 20, 30, 40,
and 50 um. The exposure time and interval time were set at 1 s and 9 s,
respectively. The temperature was maintained at 25°C throughout the
experiments. Each measurement was repeated 900 times. Each point shows the
averaged value and standard deviation of the relative fluorescence intensity
of 5 points before and after every 100 repetitions. The decrease of fluorescence
intensity after 900 repetitions for the 5 um sensors was approximately 5%.
While, the decreases in fluorescence intensity after 900 repetitions for the 10,
20, 30, 40, and 50 um sensors were less than 3%.

The excitation area D for this experimental setup was calculated to be
4.7 um using Equation 3.2. The fluorescent dye in the excitation area becomes
non-fluorescent on irradiation. It is thought that in the proposed method the
unbleached dye in the unexcited area diffuses into the excitation area, and the
concentration of fluorescent dye recovers. Therefore, fluorescence
microsensors larger than D (10, 20, 30, 40, and 50 pm in diameter) showed
better recovery properties than the 5 um fluorescence microsensor (similar size
to D). Fluorescence microsensors larger than D exhibited a decrease in

fluorescence intensity within 1% until 400 repetitions.
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Figure 4.8 : Relationship between the recovery of relative fluorescence intensity and
microsensor size.
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4.3.5 Temperature measurement wusing hydrogel fluorescence

microsensors

To demonstrate prolonged stable temperature measurement with
photobleaching compensation, calibration of the hydrogel fluorescence
microsensor was performed in the incubator at controlled temperatures from
36°C to 40°C in 0.5°C steps. The hydrogel fluorescence microsensors were
attached to the bottom of a glass bottom dish. The fluorescence intensities of
the microsensors were then measured at each temperature in the glass bottom
dish filled with 2 mL of deionized water. The temperature of the deionized
water was monitored by thermopile and controlled automatically. Figure 4.9
shows the calibration result of the relative fluorescence intensity based on the
fluorescence intensity at 36°C. The horizontal axis shows the temperature
measured by the thermopile and the vertical axis shows the relative
fluorescence intensity based on the fluorescence intensity at 36°C. The relative
fluorescence intensity of the hydrogel fluorescence microsensor showed a
continual decrease with increasing temperature. The temperature sensitivity
of the hydrogel fluorescence microsensor was calculated using the least-
squares method. From these calibration results and linear fitting, the
temperature sensitivity and standard deviation of temperature measurement
were calculated to be —1.4 %/°C and + 0.5°C, respectively, as shown in Equation

43 [74].

I
7 =—0014-Temp. +1.5 (4.3)

(o]
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Figure 4.9 : Calibration of the relative fluorescence intensity with temperature.

Figure 4.10 shows the experimental result for temperature
measurement in the deionized water in the glass bottom dish during
temperature variation. The horizontal axis shows the elapsed time, while the
vertical axis shows the temperature measured using the hydrogel fluorescence
microsensor and the thermopile. The exposure and interval times were set to
1 s and 19 s, respectively. The total number of measurement repetitions using
the hydrogel fluorescence measurement was 270, and the duration of the
measurements was 5,400 s. The temperature of the water in the glass bottom
dish was varied from 36°C to 40°C using the temperature controller. In Figure
8, the black points represent the temperature measured by the thermopile. The
red points represent the temperature measured using the hydrogel
fluorescence microsensor. The results show that the measured temperature
values of the hydrogel fluorescence microsensor and thermopile exhibited
good agreement. The maximum difference and standard deviation of the
difference of the measured temperature between the sensors were 0.8°C and
0.3°C, respectively. These findings confirmed the effectiveness of

photobleaching compensation for stable long-term fluorescence measurement.
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Figure 4.10 : Comparison of the temperatures measured by the hydrogel fluorescence
microsensor with photobleaching compensation and a thermopile.

4.4 Discussion

In photobleaching compensation of hydrogel fluorescence
microsensors, the diffusivity of the fluorescent dye inside the hydrogel, the
time for diffusion of the fluorescent dye, and the stability of the fluorescence
intensity are critical parameters. The diffusivity of fluorescent dyes is affected
by the materials and composition of the microsensors. Rhodamine B was
unable to diffuse inside the polystyrene microbeads in deionized water since
the density of the crosslinks in the microbeads is high. As a result, no
fluorescence recovery was observed for the polystyrene microbeads. For the
hydrogel fluorescence microsensors, the difference in the concentration of the
hydrogel affects the diffusion of the fluorescent dye. For the high hydrogel
concentration (99% PEGDA 575), the crosslinking density of the hydrogel is
high, and the mobility of the fluorescent dye is low. As a result, fluorescence
recovery was not observed. In contrast, at low hydrogel concentration (9%
PEGDA 575), the main component of the interior of the hydrogel microsensor

is deionized water, and the mobility of the fluorescent dye is high. As a result,
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fluorescence recovery was clearly observed. In addition to PEGDA 575, other
hydrogel materials should be investigated and the longevity of the
fluorescence microsensors in solutions such as culture medium should be
evaluated as part of is future work.

The hydrogel fluorescence sensor with 9% PEGDA 575 was found not
to be effective for fluorescence recovery with an interval time of 6 s when the
concentration of the photo initiator was 1.5% or less. In contrast, the
effectiveness of the fluorescence recovery with a 6 s interval time was
confirmed at concentrations of 2.0% to 3.0%. The effect of photo initiator
concentration on the diffusion properties of fluorescent dyes—other than
Rhodamine B—in hydrogel materials will be considered in future work.

The time required for the diffusion of the fluorescent dye inside the
hydrogel fluorescence microsensor depends on both the amount of
photobleached fluorescent dye and the diffusion rate of the fluorescent dye
determined by Fick’s law. Photobleaching occurs as a result of the molecular
structure change of the fluorescent dye from a fluorescent molecule to a non-
fluorescent molecule due to the transfer of additional excitation energy to the
unstable fluorescent dye during excitation. Therefore, the longer the excitation
time in a single exposure is, the greater the photobleaching that occurs. To
reduce photobleaching, it is useful to shorten the exposure time and reduce
the fluorescence intensity. Increasing the concentration of the fluorescent dye
increases the fluorescence intensity that can be achieved with short exposure
times, based on the relationship in Equation 4.1. Evaluation of the influence of
the exposure time, fluorescence intensity, and initial concentration of
fluorescent dye will form part of the future work.

The sensitivity of fluorescence measurements of environmental

parameters depends on the environmental sensitivity of the quantum yield in
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each fluorescence indicator. In the case of Rhodamine B, the relationship
between the relative fluorescence intensity and the temperature was calibrated
as —1.5 %/°C, as shown in Figure 4.9. If the fluorescence intensity decreases at
1% at a constant temperature, the 0.67 °C temperature increase is measured by
the fluorescence microsensor. This error value is similar to the precision of
temperature measurement (0.5 °C). The measurement error due to the
variation of fluorescence intensity is therefore considered a severe limitation

for detailed biological investigations.

Relative fluorescence intensity

09 |

08

0? 1 1 1 1

0.0 50 100 150 200 250
Number of repetition
(b)

1.1
=
2 1.0 I Ol SR TN
Q@
<
8 o9t
@
o
&
5 08 |
2
©
2
® 07
&

20 ym
D ——— 0‘6 1 1 1 1
0.0 20 40 60 80 100
Number of repetition
(c) (d)

Figure 4.11 : Photobleaching compensation of hydrogel fluorescence microsensors
containing FITC and (Ru(bpy)2Cl).

(a) Fluorescence image of hydrogel fluorescence microsensor containing FITC, (b)
Photobleaching compensation of hydrogel fluorescence microsensor containing FITC, (c)
Fluorescence image of hydrogel fluorescence microsensor containing (Ru(bpy) 2Cl2), (d)
Photobleaching compensation of hydrogel fluorescence microsensor containing (Ru(bpy)
2Cl2).
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In addition, evaluation of photobleaching compensation using
fluorescent dyes other than Rhodamine B is needed to validate the generality
of the proposed method. Figure 4.11(a-b) and (c-d) show the relative
fluorescence intensity of hydrogel fluorescence microsensors with an
incorporated pH-sensitive fluorochrome, FITC, and an oxygen concentration
sensitive fluorochrome, Tris(2,2’-bipyridyl)dichlororuthenium(II)
hexahydrate (Ru(bpy)2Cl12) [43,56]. The hydrogel fluorescence microsensors
containing FITC and (Ru(bpy)2Cl2) both showed fluorescence recovery from
photobleaching. These results indicate that photobleaching compensation
using a low-concentration hydrogel microsensor can be applied to various
fluorescent dyes for measurements in microscale environments. Long-term
stable measurement of various environment properties of cells and tissues

using hydrogel fluorescence microsensors will be part of the future work.

4.5  Summary

In this work, a hydrogel fluorescence microsensor for prolonged stable
temperature measurement was proposed, and the conditions for the recovery
of the fluorescence intensity were evaluated. The experiments confirmed
photobleaching compensation at 9% PEGDA 575. The required interval time
for compensation of the hydrogel fluorescence microsensor assembled from
9% PEGDA 575 was 6 s. In addition, the degree of polymerization of the
hydrogel affected the diffusivity of the fluorescent dye inside the hydrogel
fluorescence microsensor. A photo initiator concentration of 2.0% or more was
effective for photobleaching compensation. The stability of the fluorescence

intensity depends on the size of the microsensor was confirmed.
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Based on these results, temperature measurement of deionized water
in a glass bottom dish in a stage-top incubator was performed using a
thermocouple and hydrogel fluorescence microsensor. In repetitive
measurements (total repetition: 270 times, total duration: 5,400 s), the
maximum and standard deviation of measurement error between the
thermocouple and hydrogel fluorescence microsensor were 0.8 °C and 0.3 °C,
respectively, which confirmed the effectiveness of the hydrogel fluorescence
microsensors for long-term measurement of environment parameter.

Arbitrary patterns of hydrogel fluorescence microsensors can be made
on glass or polymer surfaces using photolithography. Physiological
measurements of cells, tissues, and the culture environment will form part of
the future work. The proposed method will make a significant contribution to
the analysis of cellular responses during culture and differentiation using non-

contact measurement of the cellular environment.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

In this thesis, a novel fluorescent microsensor that is able to respond to
temperature changes was synthesized. The microsensor was proposed to be
used in (1) manipulation and injection into cell cytoplasm with short injection
time and low invasive, and (2) measurements of temperature changes in
hydrogel fluorescence microsensor. Based on experimental results and
discussions, the main findings of this work can be summarized as follows:

In Chapter 2, a single microsensor was successfully manipulated by a
micromanipulator and adhered selectively to the cell membrane via optical
control of zeta potential. The success rate of pick-up and cell immobilization

of the microsensor were 75% and 64%, respectively. Rapid microsensor
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injection was achieved with an irradiation time approximately 1 second by
applying local laser heating at 1064 nm wavelength. Cell injection and cell
survival rates were 80% and 100%, respectively.

In Chapter 3, the author succeeded in the manipulation and cell
injection of the fluorescence microsensor using multiple wavelength lights.
The sensor made of 1 um polystyrene particle-containing Rhodamine B and
infrared (IR: 808 nm) absorbing dye. The polystyrene particle can be
manipulated by 1064 nm in water since the refractive index of the polystyrene
is 1.6 (refractive index of water: 1.3). Rhodamine B is a temperature-sensitive
fluorescence dye (emission wavelength: 560 nm). IR absorbing dye absorbs 808
nm light but doesn’t absorb 1064 nm laser. Transport of the fluorescence
microsensor with optical tweezers by 1064 nm laser to the target cell. After
transport to the cell membrane, the fluorescence microsensor is heated by 808
nm and injected into the cell by melting the cell membrane. The temperature
increase at 808 nm (40 mW) illumination was approximately 15 °C for 10
seconds. The manipulation and injection of the microsensor to the MDCK cell
by 1064 nm and 808 nm laser were demonstrated. From these results, the
effectiveness of the proposed cell injection of fluorescence microsensor using
multiple wavelength lights was confirmed.

In Chapter 4, a photobleaching compensation method based on the
diffusion of fluorescent dye inside a hydrogel microsensor was proposed. The
factors that influence compensation in the hydrogel microsensor system are
the interval time between measurements, material, the concentration of photo
initiator, and the composition of the fluorescence microsensor. These factors
were evaluated by comparing a polystyrene fluorescence microsensor and a
hydrogel fluorescence microsensor, both with diameters of 20 pum. The

hydrogel fluorescence microsensor made from 9% PEGDA 575 and 2% photo
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initiator showed excellent fluorescence intensity stability after exposure
(standard deviation of difference from initial fluorescence after 100
measurement repetitions: within 1%). The effect of microsensor size on the
stability of the fluorescence intensity was also evaluated. The hydrogel
fluorescence microsensors showed a small decrease in fluorescence intensity,
within 3%, after 900 measurement repetitions. The temperature of deionized
water in a microchamber was measured for 5,400 s using both a thermopile
and the hydrogel fluorescence microsensor. The results showed that the
maximum error and standard deviation of error between these two sensors
were 0.5 °C and 0.3 °C, respectively, confirming the effectiveness of the
proposed method.

Overall, the fabrication of microsensor was realized by introducing
several indicators to micro-nanoparticles and hence manipulation of
microsensor was enhanced by optically control of zeta potential. Rapid
injection of a single microsensor without damage to the cell also realized by
applying optical heating. Fabrication of hydrogel fluorescence microsensor
with fluorescence recovery was also evaluated for prolonged temperature
measurements. In conclusion, the proposed methods allow the manipulation
and cell injection of a single microsensor to be used as a carrier for intracellular
and extracellular measurement, especially in biological and biomedical

applications such as drug delivery and cancer diagnosis.

5.2 Future Works

The future works are briefly described in the following paragraph.
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5.2.1 Microsensor manipulation in the cell cytoplasm

The author succeeded in the injection of a single microsensor in the cell
cytoplasm. Therefore, the manipulation of the injected nanoparticle in the cell
cytoplasm is expected can be done by optical control such as optical tweezers.
Optical tweezers can be used to trap and transfer specific nanoparticles to the
target location inside the cell such as the cell organelles including a nucleus,
mitochondria, and others. Therefore, intracellular measurement is possible to
be explored. For example, the manipulated microsensor can be used to
investigate the temperature and pH values between different organelles on a
cell membrane, inside the cell cytoplasm and nucleus. It was suggested that
the difference in temperature among organs was influenced by intracellular
cell activities. The research will benefit in the development of new medicine

and drug delivery therapy in cancer and viral diseases.

5.2.2 Microsensor application in intracellular measurement

Liu et al. achieved a pH measurement of an influenza virus-infected cell
on the cell membrane using a fluorescence microsensor [190]. However, the
intracellular measurement was not achieved since the rapid injection of the
selected microsensor into a specific cell was still too difficult. The currently
proposed method allowing injection of a fluorescence microsensor will be a
breakthrough for single-cell analyses, such as pH and temperature

measurements, inside virus-infected cells.

5.2.3 Multi-fluorescence microsensor for intracellular measurement

In living cells, the environmental conditions such as ionic strength [227],
pH [228,229], protein concentration, and viscosity [230,231] are not constant in

space and time. In particular, temperature plays an important role in many
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cellular events and thus has interactions between cell state and cellular
functions [27]. The intracellular pH modulates the function of many organelles
and has a relationship in physiological and pathological processes [40,232]. For
example, Liu et al. designed a novel multi-fluorescent microsensor that can
respond to both pH and temperature variations in micro-environments [43].
Therefore, measurement such critical multi-information can provide useful
knowledge on cell activities which beneficial in biological and biomedical

applications.
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