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Abstract

Fluorescent-labeling imaging techniques have been widely used in live cell stud-

ies; however, the labeling processes can be laborious and challenging for non-transfectable

cells and clinical cells, and labels can interfere with protein functions. In this thesis,

we present the first demonstration of label-free detection and quantification of intra-

cellular biomarker dynamics with a nanoscale localized-surface-plasmon fiber-tip-

probe (LSP-FTP). Our results have established the FTP technique as a new tool to

study the time dynamics of proteins and protein phosphorylations in single live cell,

and could be generalized to study other types of primary cells in response to external

triggers, including drugs.

Chapter 2 focuses on the fabrication methods of fiber tip probes (FTPs). FTP is a

lab-on-a-fiber probe wet-etched at nanoscale dimensions. The base material of FTPs

may comprise any solid materials as long as they have matching etchants. FTPs take

various configurations and may comprise of single-ended fiber, double-ended fiber, or

an end-portion or mid-portion nanowire with various aspect ratios. Structures of FTPs
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can be tuned at nanoscale accuracy with extreme surface smoothness. These FTPs

can be mass-fabricated and multiplexed at a single fabrication step and at low cost.

Chapter 3 discusses the procedures and results on measuring intracellular biomarker

dynamics in intact live cells. We demonstrated label-free detection of tumor suppres-

sor p53 dynamics in single HeLa cells under ultraviolet radiation and under treatment

with neocarzinostatin (NCS). Also, we employed the FTP technique to prove that

β-Amyloid generation precedes Tau phosphorylation by continually monitoring in-

tracellular levels of β-Amyloid and phosphorylated Tau in live human neuroblastoma

cells (SY5Y).

Chapter 4 discusses other potential applications of FTPs. An FTP with a nan-

odiamond at its tip can be used to measure various intracellular properties such as

electromagnetic fields, temperature, or pressure. Manipulation of electron spins at

nitrogen-vacancy centers in a nanodiamond allows these measurements. An FTP with

a plasmonic particle at its tip can be used for surface-enhanced Raman spectroscopy

(SERS) and potentially allow single molecular detection. A mechanical FTP with an

end-portion nanowire (a few hundred micrometers long and sub-micron thick) func-

tions as a cantilever sensor, and we can detect changes in its vibration modes induced

by binding of analytes to a reaction entity immobilized relative to the nanowire. Free-

standing FTP waveguides with a sub-micron portion in diameter can be used for effi-

cient light coupling and device characterizations.
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1
Introduction

1.1 Outline of the Thesis

In this thesis, we will focus on how to fabricate nanosize lab-on-a-fiber probe in

a scalable and reproducible manner and will demonstrate and propose applications of

this nanosize tool in biomedical and intracellular sensing52,77.
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CHAPTER 1. INTRODUCTION

Chapter 2 will focus on how to fabricate different configurations of the fiber tip

probe (FTP). FTP is a fiber wet-etched at nanoscale dimensions. One type of FTPs

is a tapered optical fiber that has a sub-100nm tip in diameter (Figure 1.1). A sin-

gle nanosensor can be attached to its tip. It is composed of a starting portion of ini-

tial cylindrical optical fiber, a tapered portion with tunable tapering lengths and an-

gles, and an end portion of nanosize cylinder with tunable diameter scaling down to

<100nm and with tunable length from sub-micron to several hundreds of microme-

ters. Various scalable shapes of starting, tapered, and end portions can be combined,

and the materials such as silica, silicon, silicon nitrite, or metals can be used to form

an FTP device. Immobilization method of various nanosensors such as antibody-

functionalized nanoparticles, functional polymers, or nanodiamonds at the FTP tip

will be discussed.

Chapter 3 will describe a localized-surface-plasmon fiber-tip-probe(LSP-FTP)

approach to detect biomarkers in the high-ionic cell culture medium and inside single

live cells. The three-dimensional shape of FTP enables in-situ analysis of biomark-

ers without fluidic delivery systems, which will be especially useful for detecting

biomarkers in primary cells or precious clinical samples at nanoscale spatial resolu-

tion. We present the first demonstration of label-free detection of dynamic concen-

tration change of intracellular p53 in a HeLa cell with a nanoscale FTP. Furthermore,

we demonstrate continually monitoring levels of β-Amyloid and phosphorylated Tau

in individual live human neuroblastoma cell (SY5Y) and show that Aβ42 generation
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CHAPTER 1. INTRODUCTION

precedes Tau phosphorylation, which then facilitates the Aβ42 generation.

Chapter 4 will discuss other potential applications of FTP approach. Spin states

of nitrogen-vacancy (NV) centers in a nanodiamond immobilized at the nanosize FTP

tip can be optically addressed for measuring cellular electromagnetic fields, tempera-

ture, and pressure. An LSP-FTP with an immobilized plasmonic particle can be used

for surface-enhanced Raman spectroscopy (SERS) and detect single molecules. A

nanoprobe with a nanosize cylinder of high aspect ratio (>100μm in length and <1μm

in diameter) at an FTP tip can function as a mechanical cantilever sensor that can po-

tentially measure temperature, humidity and floating pollutants in air. A plasmonic

metasurface fabricated at a flat microsize fiber tip allows superfocusing and optical

trapping of nanosensors at its tip and can be used as a basis for a non-invasive bio-

probe for cellular interrogation.

Appendix section will focus on the theoretical background required to under-

stand the various applications of FTPs. We will discuss surface plasmon polariton of

metals, mechanical vibration of a cantilever, and optical trapping force of a focused

light. In addition, we will discuss how error bars should be used to interpret results

correctly in experimental cell biology.
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CHAPTER 1. INTRODUCTION

1.2 Motivation and Scientific Achievements

Fluorescent imaging technology has been extensively used to study living cells,

including protein function, metastatic processes, and signaling networks78,37. How-

ever, reliable fluorophore labeling is laborious and challenging, for example, as biomark-

ers are dynamically synthesized and redistribute inside the cells112,104. De-novo ex-

pression of fluorescent proteins, such as green fluorescent proteins (GFP), can be dif-

ficult to implement for non-transfectable cells, and labels can change protein dynam-

ics, especially with proteins where slight modification of the proteins might change

the dynamics of the signaling, and further affect the cell response126,72. An alterna-

tive strategy is to make nanoscale sensors (which are two to three orders of magnitude

smaller than cells), physically place into the cells, detect proteins and transduce the

biological signal to an optical or electronic signal123,118,109,137,107,131,75. In this thesis,

we describe the fiber tip probe (FTP) technique as a step toward this goal52,77.

FTP is a lab-on-a-fiber probe wet-etched at nanoscale dimensions. One type of

FTP mainly discussed in this thesis is a tapered optical fiber with a nanosize tip that

carries a nanosensor at its end (Figure 1.1). For real-time intracellular biomarker de-

tection, a gold nanorod is used as the nanosensor. Transistor-based electrical biosen-

sors cannot function at cellular ionic concentrations, because analyte charges are

screened out by the interfacial double layer123,7. On the other hand, a gold nanos-
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CHAPTER 1. INTRODUCTION

Figure 1.1: Scanning electron microscope (SEM) image of a LSP-FTP. (a) An optical fiber is

gradually tapered from 125 μm to sub-100 nm. (b,c) Enlarged SEM images of the end portion

of an FTP. A single nanorod is immobilized at the FTP tip.

tructure carries localized surface plasmons (LSPs) sensitive to the local change of

refractive index around the nanostructure, and the optical signal is independent to the

ionic concentration6,145. We present the first demonstration of label-free, real-time

detection of intracellular protein concentration dynamics with a nanoscale fiber tip

probe (FTP)52,77.

Other forms of FTPs can be fabricated and used for various purposes. We pro-

pose using a nanodiamond-FTP sensor for measuring intracellular temperature, pres-

sure, or electromagnetic field such as neural or cardiac action potentials. We can

fabricate a mechanical FTP with an end-portion nanowire at high aspect ratio func-

tions as a microcantilever mass spectrometer. Double-ended FTP with a mid-portion
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CHAPTER 1. INTRODUCTION

nanowire can be fabricated and used for efficient light coupling to planar photonic

structures for optical characterization.

We invented methods to fabricate various configurations of nanosize FTPs with

extreme smoothness (Figure 1.2). Structures fabricated via wet-etching method often

have rough surface due to continual etching of etchant remnants on the surface left

while extracting them from the etchant. The structural roughness can be detrimen-

tal when the structure size becomes at order of wavelength, because light scatters on

its rough surface and cannot be carried along the fiber. Our fabrication method can

maintain smoothness all over the structure with various structural configurations.

Figure 1.2: Scanning electron microscope (SEM) image of surface roughness of FTPs. (a)

FTP etched via traditional meniscus etching method. Surface is covered with crater-like rough

features (several microns in size) (b) Surface of FTP etched via two step meniscus etching

method (detailed description in Section 2.3). Surface is much smoother.
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CHAPTER 1. INTRODUCTION

1.3 Commercialization Potential of FTP and Fabrica-

tion Technique

Nanodevices carry its unique physical characteristics that are not found in con-

ventional devices and are better understood these days for innovative biomedical, op-

tical, material science applications. Nanotechnology has been undergoing transition

from laboratories to commercial applications. However, nanotechnology processes

are often non-scalable and require significantly large funding and longer term com-

mitments of cash flows. Our patented FTP fabrication processes are wet-chemistry-

based, which is scalable, mass-producible, and significantly less-expensive.

The resulting structures can be at any dimensions ranging from microstructures

to sub-nanometer precisions, and identical nanosize bioprobes can be processed at

the same fabrication round and at low cost. The structures can be fabricated with any

base solid material as long as the material has a matching etchant133. Also, multiple

structures cab be assembled and be used for 3D multiplexed mapping101 of biological

or physical systems.

We mainly discuss biological applications of fiber tip probe (FTP) in this the-

sis. FTP can target any intracellular biological markers with a nanosensor function-

alized with antibodies. Also, FTPs provides nanoscale spatial resolution and allows

quantitative measurement of intracellular biomarker dynamics. FTP can function
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CHAPTER 1. INTRODUCTION

as an excellent tool to elucidate fast, unknown biological pathways, study real-time

pathogenic strains of small bacteria and viruses, and interrogate precious or non-

tranfectable cells such as patients’ cells.

The FTP device can be also used outside biology disciplines. For example, free-

standing FTP waveguides can be used for efficient optical coupling and photonic de-

vice characterization. We thinned the mid portion of a fiber to a sub-micron in diam-

eter for efficient coupling to diamond waveguides at visible wavelength23. Laser-

pulled optical fiber cannot be stably pulled to sub-micron and be used for coupling at

visible regime. Double-ended tapered fibers can be used for transmission measure-

ments at visible wavelengths, and single-ended tapered fibers can be used for reflec-

tion measurements at visible wavelengths (Figure 2.6).
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2
Versatile Fabrication Methods of FTP

In this chapter, fabrication optimization protocols of fiber tip probes (FTPs)

will be discussed. Our wet-chemistry fabrication method allows surface roughness

control at sub-nanometer accuracy and provides high throughput, scalability, mass-

producibility, multiplexing capability, and cost effectiveness. In addition, an FTP

may comprise of any base material that can be wet-etched.
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CHAPTER 2. VERSATILE FABRICATION METHODS OF FTP

2.1 Selective Etching and Miniscus Etching Method

Many publications discuss methods for fabricating near-field scanning optical

microscopy (NSOM) tips. The two most common techniques are adiabatic pulling

and chemical etching42,17,96,89,84. The pulling technique is not suitable for structures

with large cone angles42. Also, the large cone-angle tips provide at least an order of

magnitude higher optical efficiency and preserve polarization properties better, in

comparison to the pulled tips. There are two different general wet-etching techniques,

meniscus etching and selective etching (Figure 2.1). One advantage attributed to se-

lective etching over conventional meniscus etching is the extremely smooth glass sur-

face and taper shape that is produced, probably due to the protective environment of

the tube enclosure84. However, the tip geometries of the fiber are limited for the tube

etching method due to the fixed position of unetched acrylic jackets. We goal to fab-

ricate a tapered optical fiber with a <100nm nanowire tip, and our tweaked meniscus

method allows more versatility on the structures and extreme surface smoothness. In

this chapter, we focus on wet-etching optical fibers with hydrogen fluoride etchants

or related families. We note, however, that using our method it is possible to etch any

materials including metals, silicon, silicon nitride with its corresponding etchants into

the fiber-tip-probe (FTP) configuration.

The fiber tip probe (FTP) was fabricated from the widely available glass opti-
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CHAPTER 2. VERSATILE FABRICATION METHODS OF FTP

cal fibers. Glass fibers (SM28, Thorlabs Inc.) were etched with hydrogen fluoride

(HF) wet chemistry to taper the tip down to sub-100 nm size (Figure 2.2). First, the

acrylate coating layers of the optical fibers were removed. These stripped fibers were

cleaved to generate flat facets. A fiber holder that can hold as many as 10 fibers was

mounted on a translational stage. Fiber ends were immersed in the piranha solution

(H2SO4 : H2O2 = 3:1) for 10 minutes for cleaning and rinsed with de-ionized water.

Subsequently, these cleaned fibers were perpendicularly dipped into the HF/o-zylene

interface, roughly 1 mm deep. The hydrofluoric acid wets the fiber surface with an

initial meniscus height (Figure 2.2a). The fiber tip was sharpened by the gradual re-

duction of the etchant meniscus height that was associated with the decrease of the

tip diameter during etching (Figure 2.2b). In order to prevent the disturbance on the

etching rate and maintain smoothness throughout the tapered section of the fiber, all

the way to the nano-tip, the etching apparatus was placed on the air-floating optical

bench and in a windproof enclosure. The whole etching process could be monitored

with a CCD camera. After 35 minutes, the fibers were first taken out of HF/o-xylene

and rinsed immediately with de-ionized water in order to prevent further etching by

residual HF. To further fine-tune the tip size, we replaced the HF with Buffered Oxide

Etch (5:1 BOE), as BOE has an etch rate 1/10th of HF. The etching time in BOE was

precisely controlled, and the etched fiber was compared to an image of fibers with

known sizes under the optical microscope. As shown in Figure 2.2c, we achieved the

sub-100 nm tip size.
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CHAPTER 2. VERSATILE FABRICATION METHODS OF FTP

Figure 2.1: Schematics of two different etching methods. (a) Meniscus etching process. All

cases show the fiber at time zero (left), at time τ/2 (middle) and at time τ (right). The menis-

cus formed at the liquid–liquid and liquid–solid interfaces lowers height, as the fiber radius

decreases. When the fiber radius converges to zero at time τ, the final taper portion is created.

(b) Selective etching processes. As soon as a preliminary taper is formed (middle), convec-

tion starts to deliver the hydrofluoric acid to the upper region of the cone. This convection is

driven by concentration gradients caused by the etching process and the gravitational removal

of the reaction products.
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Figure 2.2: Image of fibers wet-etched to form FTPs. (a) and (b) Optical microscope image

of two fibers before (left) and after etching (right). After 35 minutes of etching, taper por-

tion at the fiber tips could be clearly seen. (c) SEM image of a fiber etched to form two taper

shapes. Inset figure, the magnified SEM image of the FTP tip, shows that the tip is roughly

85nm in diameter.
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CHAPTER 2. VERSATILE FABRICATION METHODS OF FTP

2.2 Conic Angle and Aspect Ratio Control

Controlling conic angle of NSOM tips has been well studied42,50. Different or-

ganic layers can be used to produce different cone angles ranging from 8.5 to 41°50,

or by moving the fiber at variable speeds for different times, a variety of tip cone an-

gles can be created42. For our silica fiber tip probe (FTP), we used o-xylene as an

organic layer that produces roughly 30° cone angle.

We focused on expending the previous efforts on fabricating NSOM tips and in-

vented a novel structure which encompasses a nanowire of various aspect ratios at

the conic tip. For intracellular interrogation, we want minimal invasiveness when the

FTP is inserted into the cell membrane, keeping its cellular physiology intact. The

FTP with a nanoscale end-portion nanowire of <100nm thick and a few micron long

can be created for this purpose (Figure 2.2). We can also fabricate an end-portion

nanowire with high aspect ratio larger than 400 (Figure 2.3 and 2.4). These nanowires

can function as a mechanical cantilever sensor which changes its natural frequency

when the effective mass of the nanowire changes. Materials coating the nanowire

may change its mass or volume in response to analyte adsorption, leading to the res-

onance frequency shift. In order to fabricate these structures, we immerse the fiber in

a solution where the length of the nanowire is roughly equal to the length of a fiber

immersed below the initial interfaces between an organic protective solvent and an

14



CHAPTER 2. VERSATILE FABRICATION METHODS OF FTP

etchant (Figure 2.3a). By precisely controlling the etching time and the etchant con-

centration, we can create a <1μm-thick nanowire with high aspect ratio larger than

400.

For characterization of optical properties of photonic devices such as micror-

ing resonators, double-ended tapered silica fibers are often used for efficient opti-

cal coupling and transmission measurement. For optical characterization at telecom

wavelength, an optical fiber can be pulled and dimpled to have a thin coupling region

with thickness on the order of the telecom wavelength. However, it is possible but

not reproducibly pull the fiber below 1 micron in thickness125. The sub-micron thick

portion of the fiber functions as a waveguide with larger evanescent field, the expo-

nentially decaying part of the guided light outside the waveguide, subject to coupling

with the photonic devices at visible wavelength. For transmission measurements at

visible wavelengths, double-ended fiber tapers were manufactured from commercial

SM-600 fiber (Thorlabs) via meniscus wet-etching in hydrofluoric acid (Figure 2.5).

Bare SM-600 fiber was mounted in a U-shape configuration, followed by localized

wet-etching in hydrofluoric acid near the center. The final taper region at the center

had a diameter of 500 to 700 nm. We used this double-ended tapered fiber for opti-

cal characterization of single-crystal diamond optical nanocavities (Figure 2.6a)23,22.

Double-ended fiber is used for transmission measurement. The fiber configuration

can be fined tuned such that the single-ended FTP can efficiently couple to the dia-

mond nanocavities for reflection measurement (Figure 2.6b and 2.6c)22.
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CHAPTER 2. VERSATILE FABRICATION METHODS OF FTP

Figure 2.3: HF wet-etching process for mechanical FTP fabrication. (a) Schematics of the

etching procedures for a mechanical FTP. The fiber is deeply immersed in HF/o-xylene inter-

face for 35 minutes (left). The distance of the fiber immersed below the height of the original

interface would be the length of the end-portion nanowire. After the fiber is etched to roughly

5 μm (center), the fiber is retracted out and immersed in 5:1 BOE/o-xylene interface for 30

minutes (right) until the end-portion nanowire is etched to sub-micron in diameter. (b) Op-

tical microscope image of an end-portion nanowire at an FTP tip. After 35 min etch in the

hydrofluoric acid solution, the FTP is etched with 5:1 BOE for surface smoothness and fine

control of diameter. The nanowire gradually thins as immersed longer in the etchant.
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Figure 2.4: SEM image of a Mechanical FTP. The aspect ratio of the end portion of the fiber

is >800 (>800 μm in length and sub-micron in diameter). Inset is a magnified SEM image of

an FTP portion in the white dotted box.

17



CHAPTER 2. VERSATILE FABRICATION METHODS OF FTP

Figure 2.5: Double-ended FTP for optical structure characterization. (a) Schematics of the

etching procedures for a double-ended FTP. Double-ended fiber is mounted on U-shaped boat

for fixation and went through two step meniscus etching process to create sub-micron de-

tection hotpot in the center of the fiber. (b) Schematics of characterization of a silicon ring

resonator. The free-standing double-ended FTP mounted on a fiber holder was approached

to a silica disk in three-dimension. The detection regime of the double-ended FTP is a flat

mid-portion nanowire with sub-micron thickness. (c) Telecom broadband transmission mea-

surement of a diamond nanocavity coupled with a double-ended fiber. Top shows an optical

image of a double-ended FTP coupled with a silicon optical ring resonator. Bottom shows

telecom transmission spectra. Transmission dips correspond to the resonant modes. (d) Vis-

ible broadband transmission measurement of a diamond nanocavity coupled with a double-

ended fiber22. Transmission dips correspond to the cavity modes. The two inset figures show

that the diamond nanocavity did not scattered much at frequency not critically coupled (left),

but it scattered much brighter at the resonance frequency (right).
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Figure 2.6: Reflection measurement of a diamond optical nanocavity with a single-ended

FTP at visible regime22. (a) Optical image of coupling setup. A fiber is delivered one dia-

mond nanocavity to couple light through the photonic device and collect reflected light from

the device. (b) Reflection spectra of a diamond nanocavity coupled with a single-ended fiber.

The graph includes control reflection spectra (gray curve) measured in air, reflection spec-

tra at off-resonance (red curve) and TE-like (blue curve) polarized light transmitted through

the diamond nanobeam waveguide which contains the optical cavity. Reflection spectra of

TE-like mode shows clear resonance features.
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2.3 Surface Smoothness Control

For NSOM fabrication, selective etching method is favored over meniscus etch-

ing method, because structures from the meniscus method suffer from its rough sur-

face. We found that the roughness from the meniscus method comes from the rem-

nants of etchants when we extract the fibers from HF/o-xylene solutions. The radius

of crator-like roughness decreases as the concentration of etchant decreases (Figure

1.2a). In order to smoothen the surface, a two-step etching process which includes

roughly 35 minutes of etching in concentrated hydrofluoric acid, followed by 30 to

50 minutes etching in 5:1 buffered oxide etch (BOE) was used to thin 125μm-thick

optical fiber to sub-micron in diameter (Figure 2.3).

For structures that require sub-nanoscale smoothness, rather than extracting

the fiber from the etchant, we gradually diluted the etchants in order to prevent any

remnant droplets to result in surface roughness (Figure 2.7a). This dilution menis-

cus method prevents any etchant remnants to remain on the surface and contributed

to creating roughness. De-ionized water enters from the upper tube and dilutes the

etchant, while the original hydrofluoric acid is pumped out from the lower tube. Al-

ternatively, higher concentration of etchants can enter through the upper tube in order

to increase the etching concentration. Given that the flow rate from both tubes re-

main constant, the etchant concentration gradually lowers while the solution level
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remains even. By controlling the etching concentrations of the solvents, the shape and

smoothness of FTPs can be delicately controlled.

We propose alternative triple-layer meniscus method to create smooth surface

on FTP (Figure 2.7b). This method has additional polar solvent layer on top of the

non-polar protective layer. This extra polar solvent serves as a cleaning solution that

washes off and minimizes exposure to the etchant remnants on the device surface dur-

ing the extraction of FTPs from the layered etching solvents. The density of the top

polar solvent should be lower than the organic layer, and acetonitrile/cyclooctane/HF

can form the triple-layer system where their densities are 0.786 g/ml, 0.834 g/ml, and

1.06 g/ml respectively.

Figure 2.7: Two different etching schemes for smooth FTP surface. (a) Dilution etching

method. Etchant is gradually diluted by the inflow of de-ionized water and the outflow of

original HF etchant. This method results in much smoother surface by removing the etchant

remnants left on its surface during its extraction from the etching solution. (b) Triple-layer

etching method. The top polar solvent layer serves as a cleaning solution that washes off the

etchant remnants from the FTP during extraction.
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2.4 Multiplexing of FTPs

Since FTPs are fabricated via wet-chemistry, they can be scalable and mass-

producible, a critical feature for commercialization by greatly reducing fabrication

time and cost. A plurality of optical fibers can be simultaneously exposed to an etchant.

For example, the materials can be individually applied, or an array of such materials

can be simultaneously exposed to an etchant. As shown in in Figure 2.8a, a plural-

ity of fibers, of which acrylic jackets were striped off at their tips, were fixed with an

adhesive and formed a a bundle evenly spaced at the thickenss of the arcyrlic jacket.

(e.g. spaced 250 μm apart, while the silica fiber is 125 μm thick). The spacing be-

tween the fibers can be tuned, and a much large number of fibers can form the fiber

bundle, simultaneously etched, and have identical end structures.

The FTP bundle can be used to couple light through a periodically-spaced pho-

tonic waveguides or characterize periodically-spaced physical system. Also, multiple

FTPs can form a circular bundle that can be used to interrogate single cells and map

intracellular dynamics in three dimensions.
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Figure 2.8: Multiplexing of FTPs. (a) Schematic of multiplexed etching procedures. Multiple

fibers can form a bundle and be etched simultaneously. Spacing between fibers is determined

by the acrylic jacket thickness (250 μm). (b) Optical microscope image of a plurality (three)

of optical fibers immersed in the HF/o-xylene solution. (c) Image of multiplexed mechanical

FTPs spaced 250 μm apart from one another. (d) SEM image of two mechanical FTPs spaced

250 μm apart from each other.
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2.5 Immobilization of Nanoparticles on FTP

We can conjugate a single nanoparticle at the sub-100nm tip of an FTP. The gold

nanorod were first dispersed onto a cover-glass and could clearly be observed under

dark field (Figure 2.9). FTP was then dipped into an optical adhesive (Norland NOA

138) for a few seconds and immediately mounted onto the 3D micro-manipulator.

The FTP precisely moved to the top of a single gold nanorod, and picked up the gold

nanorod before the adhesive dried up59. The pig-tailed end of the FTP was then con-

nected to a halogen lamp, whose UV components cured the optical adhesive.

This process require precise alignment of an FTP and a gold nanorod, which may

limit mass-production of FTP devices. Instead of picking up a nanostructure, I pro-

pose electroless plating of thin gold films directly at the FTP tip, a wet-chemistry pro-

cedure132. A fresh HF-etched FTP tip is exposed to a solution containing Sn2+ ions,

which are oxidized by the self-assembled layer of elemental silver. Gold replaces el-

emental silver via the galvanic-driven displacement. Gold films with thicknesses less

than 100 nm were grown at 3 and 10 °C between 0.5 and 3 h, with mean grain sizes

between 20 and 30 nm. The film’s height depends on the height of the FTP immersed

in the gold-plating solution, and its thickness depends on the time and temperature

that the FTP remains in the solution. The nanosize gold film at the FTP tip should

also carry localized surface plasmons (LSPs) sensitive to the local refractive index
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change around the film.

Figure 2.9: FTP conjugation with a single gold nanorod. (a) Experimental setup for picking

up a single nanoparticle from the coverglass (b-d) EMCCD image from scattered light col-

lected through the objective lens during the pick-up process of a single nanoparticle from the

surface by an FTP. Circled area is a target region with an FTP (indicated with an orange ar-

row) approaching to pick up one of individual nanorods (indicated with yellow arrows). The

tip (b) was applying shear-force onto the surface, (c) has established a contact to one particle,

and (d) was conjugated with a nanorod and is retracted from the surface.
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3
Intracellular Sensing with FTP

3.1 Introduction

Much of our knowledge in biology so far is based on ensemble measurements on

cells5. However, the stochastic expression of genes, proteins and metabolites result in

cellular heterogeneity. A major challenge is to understand how individual cells pro-

26



CHAPTER 3. INTRACELLULAR SENSING WITH FTP

cess information and respond to stimuli. Current techniques that measure intracellular

proteins either are destructive to cells (e.g., enzyme-linked immunoassay, western

blot) or require transfected cell lines or transgenic animals (e.g., fluorescent imag-

ing)78,37. Emerging microfluidic techniques are constantly improving the detection

and sample manipulation capability140. Fluorescent imaging is powerful technique

for live cell imaging, but it is not efficient for primary cells and clinical samples. An

alternative strategy is to make nanoscale sensors, physically place into the cells, de-

tect proteins and transduce the biological signal to an optical or electronic signal. So

far, intracellular action potential has been measured with three-dimensional nanowire

field-effect transistors123, intracellular pH has been measured with nanofibers,118 and

cellular endoscopy has been demonstrated with carbon nanotubes109, nanowires137,

and nanobeams107. Vo-Dinh et al. further demonstrated the detection of enzymatic

fluorescent intracellular proteins by integrating immunoassay with nanofibers131.

Here, we describe an assay-on-a-tip platform (Figure 3.1) and demonstrate an in-situ,

label-free technique to detect proteins inside single cells. Although electronic meth-

ods often suffer from surface charge screening by Helmholtz double-layer and are

circumscribed to perform in environments with high ionic concentration such as cel-

lular medium, our optical method is independent to ionic concentrations and sensitive

to changes in refractive index vicinity to the gold surface, allowing our optical device

to perform inside cells. Our method is widely applicable to other intracellular proteins

as well, and have the spatial-temporal resolution to determine when, where, and under
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what conditions specific proteins are created and disintegrated.

We describe a localized-surface-plasmon fiber-tip-probe (LSP-FTP) system, and

demonstrate label-free, real-time detection of tumor suppressor p53 in single HeLa

cells under ultraviolet radiation and under treatment with neocarzinostatin (NCS).

Our results show that dynamic behavior of p53 varies depending on the stimulus; it

shows a series of repeated pulses in response to neocarizinostatin treatment and sus-

tained signaling in response to ultraviolet radiation52. In addition, we demonstrate

continually monitoring levels of β-Amyloid and phosphorylated Tau in individual live

human neuroblastoma cell (SY5Y) by employing the fiber tip probe (FTP) technique.

Our results show that Aβ42 generation precedes Tau phosphorylation, which then fa-

cilitates the Aβ42 generation77. The FTP technique allows dynamically tracking the

endogenous proteins (including their post-translational modifications) in single live

cell, and is widely applicable to study pathogenesis of disease (e.g. Alzheimer’s dis-

ease) and drug efficacies.

3.2 Sensing Principle

The LSP-FTP is a tapered optical fiber that has a sub-5 μm in length and sub-

100 nm in diameter tip (Figure 3.1). One single gold nanorod (Nanopartz Inc.) was

attached to the end of the tip, and its surface was functionalized with antibodies spe-

cific to the targeted analytes. The collective oscillation of the conductive electrons in
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the gold nanorod couples strongly to polarized light in the visible wavelength range,

generating a localized surface plasmon resonance (LSPR) signal.9 The light, strongly

localized on the surface of the gold nanorod, is sensitive to small perturbations of its

optical mode near its surface60,94,6. Therefore, by monitoring the resonance shift of

the LSPR, one can quantify the binding of analyte proteins to the sensor surface. Due

to the nanoscale size of the tip and the immobilization of a gold nanorod at its end,

the FTP allows minimal invasiveness when inserted into the cell membrane, keeping

its cellular physiology intact.

A zoomed-in scanning electron microscope (SEM) image of the nanosize FTP

tip attached with a single gold nanorod is shown in Figure 3.1a. A white light source

(halogen lamp) was connected to the fiber and excited the LSPR of the gold nanorod

at the tip (Figure 3.1b). The resonant scattering signal from a gold nanorod on the

tip was visible to the naked eye (red glowing in Figure 3.2). The resonant scattering

signal was collected via 50X objective and is coupled to a spectrometer (Princeton

Instrument). Figure 3.2c shows the image on the spectrometer EMCCD when FTP

was immersed in 10mM Phosphate Buffer Saline (PBS), pH 7.4. Spectrum profile

analysis was performed by binning a few pixels around the bright spot to increase the

signal-to-noise ratio. By fitting resonance spectrum with the Lorentzian profile, we

found that the LSPR resonance of this individual gold nanorod was at 729nm, with

quality factor of 10 (Figure 3.2c).
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Figure 3.1: Gold nanorod Fiber tip probe (FTP). (a) Scanning electron micrograph (SEM)

image of FTP. Inset shows a single gold nanorod attached to the FTP. (b) Schematic of the

FTP setup. The probe, consisting of a gold nanorod immobilized at the sub-100nm FTP tip, is

inserted into a single living cell at designated positions using a three-axis micromanipulator.

Figure 3.2: Demonstration of LSPR signal of a gold nanorod immobilized at an FTP tip. (a,b)

Optical image of the LSP-FTP with excitation light source off (left) and on (right) in air. A

red dot (right) corresponds to the LSPR of a gold nanorod. White-light form Halogen source

was coupled into the fiber and used to excite the gold nanored at the fiber tip. (c) Image from

the spectrometer CCD at the zeroth order grating (left) and a LSPR spectrum at the first order

grating (right). This FTP was immersed in 10mM PBS.
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3.3 Surface Functionalization and Fabrication

Gold nanorods were first functionalized with antibodies before conjugating at the

tip of an FTP. 100 μL of a 20 mM solution of 11-mercaptoundecanoic acid (11-MUA,

Sigma-Aldrich) prepared in ethanol was mixed with 1mL of the cetrimonium bromide

(CTAB) capped gold nanorods (Nanopartz Inc.). The mixed solution was sonicated

for 90 minutes at 55 °C121. After keeping the mixed solution at room temperature

overnight, sedimentation of the rods was observed. The nanorods were re-immersed

in a sonic bath and then the excess MUA was removed using centrifugation at 7000

rpm for 10 minutes. Then MUA-coated gold nanorods could be readily re-dispersed

in water. These nanorods were dispersed on a thin cover glass and one nanorod was

picked up by FTP mounted on the micromanipulator, as described in Section 2.5. For

physiological experiment, FTP at this stage was assembled with a PDMS flow cell

and functionalized with antibodies inside the microfluidic channel.

For intracellular biomarker measurement, the assembled LSP-FTP was incubated

in 100mM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Sigma-Aldrich)

and 100nM anti-p53 (Santa Cruz) in 10mM PBS. EDC molecules react to the car-

boxyl groups of MUA molecules, which cap the gold nanorod, and form unstable

easters, which react to the amine groups on the antibodies. Anti-p53 coated on the

gold nanorod was then mounted on the three-dimensional piezo-stage for single live
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cell interrogation and targeted measurement of intracellular p53.

3.4 LSPR Polarization Test

According to the Finite-difference-time-domain (FDTD) simulation with Lumer-

ical, a gold nanorod supports LSPR when excited along its longitudinal axis (Figure

3.3). To investigate its LSPR dependency to its orientation, we tested LSP-FTP with

two nanorods immobilized perpendicular to each other at an FTP tip (Figure 3.4).

We used a gaussian halogen light for excitation through the fiber and used a linear

polarizer for emission collection through the EMCCD. The emitted light polarized

at different 90° featured the LSPR of an individual nanorod positioned 90° relative

to each other. Spectrum analysis showed that LSPR peaks from both nanorods were

at near 700 nm and differ by 50 nm. This is in consistent with the previous study of

polarization-dependent gold nanorod spectrum139.
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Figure 3.3: Finite-difference-time-domain (FDTD) simulation. Top three figures show con-

figurations of a gold nanorod (75 nm in length and 25 nm in diameter, yellow cylinder), po-

larized white light source (blue arrow), and light propagation direction (purple arrow), and

detectors (red lines). Bottom three plots show the reflection profile when the light polarized in

blue axis impinges on a gold nanorod oriented as in the top figure. Reflection profile shows a

resonance feature at 780 nm only when the light impinges parallel to the nanorod axis.

Figure 3.4: Gold nanorod (GNR) SPR polarization test. (a) SEM image of an FTP with two

nanorods immobilized perpendicularly to each other. (b) EMCCD image at two different po-

larization of emitted light. Two GNRs individually glowed up at orthogonal polarizations. (c)

SPR peaks of the two GNRs obtained after binning a few pixels around each GNR.
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3.5 Measurements in Fluidic Channel

3.5.1 Microfluidics Setup

As shown in Figure 3.5, we used SU-8 (Shipley) to pattern 150 μm thick mold

on top of a silicon substrate via photo-lithography. A 125 μm-wide channel was fab-

ricated in the middle of the flow channel (2 mm by 10 mm) so that the fiber (125 μm

in diameter at its stem) has a room to reside in the middle of the flow channel. The

FTP was pasted onto an O2-plasma-cleaned glass slide and the Polydimethylsiloxane

(PDMS) channel was carefully assembled onto the glass slide.

For antibody conjugation on the nanorod surface, 100 mM EDC (Sigma-Aldrich)

and 100 nM anti-p53 (Santa Cruz) in 10 mM PBS were flowed into the PDMS chan-

nel for 1 hour. The channel was then flushed with PBS 1X for 30 minutes to get rid

of non-specific binding of anti-p53. The FTP was then flowed with 1X PBS solution

containing biomarkers of various concentrations for physiological characterization.

3.5.2 Homogenous Refractive Index Test

To test the sensitivity of our LSP-FTP, we characterized it in an aqueous envi-

ronment. First, we used FTP to detect different concentrations of glycerol (n=1.47)

in water (n=1.33). We prepared solutions with 20%, 40%, 60%, and 80% of glyc-
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Figure 3.5: Schematics of microfluidic channel setup. ((a) top view, (b) side view) A PDMS

channel has a groove in the middle where an FTP is placed and fixed inside the channel. The

structure was aligned, assembled, and sealed with bio-compatible epoxy. (c) Image of an mi-

crofluidic setup placed on top of an inverted microscope.

erol, and injected them through a microfluidic channel. The FTP was inserted into

this channel and sealed with epoxy. The LSPR signal, excited through the fiber cou-

pled with halogen light source, was monitored with inverted microscope (Olympus

IX71). Figure 3.6a shows representative spectra for each concentration. Increasing

refractive index of the medium leads to a red-shift of the resonance due to the shield-

ing of the surface charges by the polarization of the embedding medium. Figure 3.6b

shows the real-time measurement of the LSPR peak wavelength (from Lorentzian fit-

ting). Steps in the figure indicate the time when new concentrations reached the FTP.

Figure 3.6c shows the resonance wavelength vs. refractive index of the solution. The

LSPR shifted to longer wavelength in the presence of higher concentration of glycerol

due to the increase in the refractive index of the solution26. Bulk index sensitivity of

the FTP is defined as the resonance shift per unit refractive index change in the sur-
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rounding medium. We found that the sensitivity of the current device was 187 ± 25

nm/RIU, significantly greater than that of the previously studied 39 nm diameter gold

spheres (80 nm/RIU)91. Gold nanorods are also advantageous over gold spheres be-

cause of their reduced damping loss (thus higher Q-factor)111.

Figure 3.6: Characterization of the LSP-FTP in aqueous environment. (a) Normalized LSPR

signal in various glycerol/water concentrations. Inset shows the zoomed-in view of LSPR

peaks (b) Real-time monitoring of the LSPR when different concentrations of solutions are

injected in the channel. The resonance wavelength is obtained by fitting LSPR signals to the

Lorentzian equation. (c) Dependence of the LSPR position on the refractive indices of the

solvents. A bulk index sensitivity of 187 ± 25 nm/RIU is obtained from linear fit. Error bar is

the standard error from the measurements of five different nanorods (n=5).
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3.5.3 Physiological Test

We used the LSP-FTP to detect different concentrations of biomarkers in 1X

PBS solution. The gold nanorod on the tip of the FTP was functionalized with p53

antibody (Santa Cruz sc-126). Different concentrations of p53 (Santa Cruz sc-4246)

in PBS were injected into the fluidic channel for 15 minutes, followed by washing

with pure PBS. Figure 3.7a and 3.7b shows the real-time response at several represen-

tative concentrations. LSPR shift of 5.13 nm was observed upon introducing 18.92

nM p53 solution. After washing with pure PBS at the 20th minute, the resonance de-

creased slowly, exhibiting the dissociation kinetics. A LSPR shift of 0.55 nm was ob-

served from 1 nM p53 solution, close to the detection limit of this system. The min-

imum discernible wavelength shift was 0.3 nm, estimated from the LSPR response

to pure PBS flowed for the first five minutes (black dashed line in Figure 3.7b). The

varying LSPR shifts subject to different levels of concentrations are shown in Figure

3c, a graph which was fitted with Langmuir equation. Error bar in this graph is the

standard error of five repeated experiments on different FTPs.

[A] + [L]
ka

kb

[AL] (3.1)

As shown in Equation 3.1, Langmuir model displays the simplest situation of an

interaction between analyte (A) and immobilized ligand (L), where ka and kb are re-

37



CHAPTER 3. INTRACELLULAR SENSING WITH FTP

spectively association and dissociation rate constants. It is equivalent to the Langmuir

isotherm for adsorption to a surface. The Langmuir isotherm describes the depen-

dence of the surface coverage of an adsorbed gas on the pressure of the gas above the

surface at a fixed temperature73. The rate of adsorption (ra) and the rate of desorption

(rd) are given by


ra = kapA[S]

rd = kd[AAL]

(3.2)

where pA is the partial pressure of A over the surface, [S] is the concentration of bare

sites, [AAL] is the surface concentration of A. The equilibrium that exists between gas

adsorbed on a surface and molecules in the gas phase is a dynamic state. At equilib-

rium, the rate of adsorption of molecules onto the surface is exactly counterbalanced

by the rate of desorption of molecules back into the gas phase. It should therefore be

possible to derive an isotherm for the adsorption process simply by equating the rates

for these two processes (ra = rd), as following.

KD =
kd
ka

=
pA[S]
[AAL]

(3.3)

where KD is the binding affinity. The concentration of all sites [S0] is the sum of the

concentration of free sites [S] and of occupied sites [AAL].
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[S0] = [S] + [AAL] =
[AAL]KD

pA
+ [AAL] =

pA + KD
pA

[AAL] (3.4)

Defining the fraction of the surface sites covered with A as θA = [AAL]/[S0], Equa-

tion 3.4 can be rearranged to the Langmuir adsorption isotherm.

θA =
pA · [AAL]

pA + KD
(3.5)

We can extract the affinity (KD) by fitting to the Michaelis–Menten equation

(Equation 3.6), a simple saturation binding model for equilibrium binding responses

at different analyte concentrations87.

Req =
pA · Rmax
pA + KD

(3.6)

where Req is the SPR peak shift at equilibrium corresponding to the analyte concen-

tration (pA), and Rmax is the maximum SPR peak shift when the ligands on surface are

saturated by its corresponding bound analytes ([A] ≫ KD). The binding affinity (KD)

of p53 from anti-p53 is 5.5 nM, in good agreement with published results obtained

using commercial instrument62. Figure 3.8 shows the LSPR shifts vs. concentration

of p53, measured with four other FTP devices. The binding affinity of p53 to anti-

p53 was measured to be 5.5 nM, 4.2 nM, 7.1 nM, and 5.7 nM respectively. Variance

in the binding affinity may originate from size difference of nanorods and different
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molecular assembly during surface functionalization.

To investigate the specificity of the system, we functionalized the FTPs with an-

tibodies of either tumor suppressor p53 or tumor necrosis factor (TNF-α) and used

these FTPs to detect p53 and TNF-α (Figure 3.7d). When the FTP was functional-

ized with anti-p53, it could detect p53 in both pure PBS and PBS with concentrated

Bovine Serum Albumin (1% BSA) as background. On the other hand, the sensor was

not sensitive to TNF-α, a mismatched antigen-antibody pair. The FTP functional-

ized with anti-TNF-α also showed high specificity to TNF-α only. This demonstrates

that the LSP-FTP shows high specificity to the targeted protein and non-specificity to

the other proteins. Because the LSPR of a nanorod has exceptionally smaller optical

mode volume21 (on the order of the physical dimension of the nanorod) compared to

other optical resonators128, the sensor is sensitive only within a few nanometers from

its surface and is insensitive to untargeted proteins138.
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Figure 3.7: Characterization of the LSP-FTP in physiology condition. (a) Real-time mea-

surement of LSPR shifts at various p53 concentrations. Binding kinetics happened at much

faster rate than unbinding kinetics. (b) Portion of (a) up to 25 min. In all cases, the blank PBS

was injected into the fluidic channel for the first 5 minutes (before black dashed line). Differ-

ent concentrations of p53 in PBS were injected into the channel for 15 minutes, followed by

additional PBS wash step to observe dissociation of p53 from its antibody (after red dashed

line). (c) LSPR shift vs. p53 concentration. Binding affinity of 5.4 nM was extracted from the

Langmuir fit (Equation 3.6). Error bar is the standard error (n=5). (d) Specificity test of LSP-

FTP sensor. Two LSP-FTPs were coated with anti-p53 and anti-TNF-α respectively, and both

sensors were used to detect p53, p53 in 1% BSA, and TNF-α(n=5). Significant LSPR shift

only occurred when coated antibodies paired correctly with their antigens, thus demonstrating

high sensor specificity. High specificity was retained when the p53 antigens were in 1% BSA

background.
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Figure 3.8: Binding curve of p53 obtained from physiological characterization in microflu-

idic channel. Four curves were obtained from four different FTP samples.

3.5.4 Comparison with Data from UV-Vis Spectrometer

The surface functionalization procedure was verified using UV-Visible spec-

trometer (Jasco Inc.). We measured the change of the absorption spectra at each step

of the functionalization procedure. First, MUA-capped nanorods were mixed with

100 mM EDC (Sigma-Aldrich) and 100 nM p53 antibody (Santa Cruz) in PBS 1X

(pH 7.4) for 1 hour. The resulting nanorods were then collected by centrifugation at
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5000 rpm for 5 minutes and suspended again in a buffer containing 5 mM CTAB. Af-

ter three rounds of vigorous washing, the collected nanorods were sonicated in 5 mM

CTAB solution for 10 minutes. As shown in Figure 3.9c, after the 11-MUA coating,

a red-shift of 5-7 nm in the longitudinal peaks was clearly identifiable, indicating the

alkanethiol self-assembled-monolayer (SAM) formation. A further red-shift of the

surface plasmon resonance peak was observed due to the antibody functionalization.

Different concentrations of p53 protein were added to the anti-p53 modified gold

nanorod solution. Each solution was vortexed for 5 minutes under room temperature

before UV-Visible spectrum measurement. In order to minimize bulk refractive in-

dex change, we mixed the nanorod solution with a minimal volume from original p53

stock solution with a high protein concentration (50 μg/mL). 1 μL of the p53 stock

solution was added into 1 mL of gold nanorod to obtain 1 nM p53. Also, the concen-

tration of p53 was ensured to be sufficiently higher than that of nanorods; the nanorod

solution has 1010mL−1, while 1 nM p53 has 1012mL−1.

Figure 3.9d shows the resonance shift v.s. p53 concentration and the fitting

curve by Langmuir equation. Binding affinity KD =4.3 nM was obtained from fitting.

We note that the resonance spectrum from UV-visible spectrometer is an ensemble

measurement from the gold nanorod solution, and thus shows inhomogeneous broad-

ening than the spectrum obtained from the single nanorod that was attached to the

FTP (Figure. 3.9b).
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Figure 3.9: Characterization of surface functionalization with UV-Vis Spectrometer. (a)

Darkfield microscopy images of gold nanorods. LSPR of the gold nanorod is roughly at 700

nm which glows in red, and each red glowing corresponds to an individual gold nanorod. (b)

Scattering spectra of a single gold nanorod on a glass substrate (red) measured via EMCCD

spectrometer and the extinction spectrum of an ensemble of gold nanorods (GNRs) measured

via UV-Vis spectrometer (black). The ensemble spectrum from nanoparticles with a distribu-

tion of size and shapes exhibited heterogeneous broadening compared to the single Lorentzian

peak observed from each resonance of a single nanoparticle. (c) UV-Vis absorption spec-

tra of gold nanorods at each functionalization step. Functionalization of GNRs introduced a

red-shift in the longitudinal plasmon peak. (d) Binding curve of p53 obtained from UV-Vis

Spectrum analysis. Error bar is the standard error (n=3).
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3.5.5 Regeneration Process

Due to the slow unbinding kinetics for some targeted biomarkers (Figure 3.7a)

and the non-specific binding of untargeted proteins to the LSP-FTP surface in the

complex cell medium, the sensor may have error when quantifying concentration of

targeted biomarkers in the complex cellular medium. We demonstrated that the LSP-

FTP biosensor can be efficiently and repeatedly regenerated with glycine solution (pH

= 2.5 tuned with hydrogen chloride).

For this experiment, the FTP was functionalized with Tau protein antibodies

(anti-Tau-PS262, sc-32828, Santa Cruz). In Figure 3.10, the baseline represents FTP

in the complex cell culture medium without fetal bovine serum (DMEM F-12 Medium,

100 U/mL penicillin and 100 ug/mL streptomycin). 100nM Tau protein (Tau-PS262,

sc-32828p, Santa Cruz) was mixed into the cell culture medium and was repeatedly

detected with FTP, following the sequence of baseline, 100 nM Tau protein and re-

generation. Figure 3.10a shows that FTP repeatedly goes back to the baseline value

after regeneration, and 100 nM Tau protein was consistently measured. Regeneration

solution was glycine with pH 2.5 tuned by hydrogen chloride acid. The regeneration

step removed only the Tau proteins non-covalently bound to the surface, while the

antibodies remained functional.
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Figure 3.10: Regeneration of antibodies bound on the LSP-FTP surface. Repeated measure-

ments in the regeneration process. The regeneration solution is glycine with pH = 2.5 (tuned

with hydrogen chloride acid), baseline is the cell culture medium, and detected solution is 100

nM Tau protein mixed into the cell culture medium.

3.6 Measurement in Intact Live Cells

The FTP offers a unique three-dimensional nanoscale form-factor; thus, it is an

ideal, minimally-invasive bioprobe of cells. LSP-FTP with a antibody-functionalized

gold nanorod immobilized at its tip is used to demonstrate in-situ, label-free measure-

ment of intracellular biomarkers in intact live cells. We tested the LSP-FTP device to

target different biomarkers and function in different cells multiple times to prove its

robust repetitivity and reproductivity.
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3.6.1 Tumor Suppressor p53 Dynamics in HeLa Cells

We demonstrate how intracellular tumor suppressor p53 in HeLa cells dynami-

cally react to ultra-violet (UV) exposure and neocarzinostatin (NCS) drug treatment.

Cells experience p53 pulses in response to recovery from double-strand DNA breaks

(NCS drug treatment), and cells that undergo senescence experience sustained p53

signaling (UV exposure)99. In order to minimize the invasiveness to the cell, anti-

p53 functionalized LSP-FTP was inserted in and retracted out of the cell every 30

minutes. During each measurement, we first inserted the FTP into the cytoplasm of

the cell, incubated for 5 minutes, retrieved the FTP out of the cell, and measured its

LSPR in the cell culture medium adjacent to the cell of interest. This process was

conducted to minimize the scattering background from the cytoplasm when FTP was

inside the cell, as well as to wash off the non-specific bindings of other proteins in-

side the cell. LSPR measurement was immediately taken after the retraction to pre-

vent the unbinding of p53 from anti-p53. After the FTP was inserted into the cell, we

were able to clearly observe a single gold nanorod glowing inside the cell and grad-

ually dimming down after a few minutes (Figure 3.11a). This dimming behavior is

attributed to the scattering background from the possible non-specific binding of cy-

toplasmic proteins onto the nanosize tip, evidencing that the insertion of the FTP into

the cytoplasm.

Before preforming the aforementioned measurement, the intensity of UV light
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source was first calibrated. Live HeLa cells were exposed to either different dosages

of UV light or different concentrations of NCS. The FTP experiments were performed

immediately after the treatments. The results of our experiment indicate that the dif-

ferent stresses triggered different temporal responses of p53. As shown in Figure

3.11b, we quantified the dynamics of p53 in individual cells in response to different

UV exposure and observed a sustained increase in amplitude and duration in propor-

tion to the increase in UV dose. This dose-dependent, sustained escalation of p53

in relation to UV is a clear contrast to the repeated pulses in response to NCS. The

amplitude and duration of individual p53 pulses do not depend on the NCS dose. As

a control experiment, we performed the same procedure on an intact HeLa cell. As

shown in Figure 3.11b, the intracellular p53 level remained constant. This consis-

tency also indicates that the FTP is minimally invasive and has little effect on the cell

physiology. p53 slowly dissociates off the sensor when the background p53 concen-

tration is decreased, but full dissociation requires relatively long time (Figure 3.7a).

The excess un-dissociated p53 adds to residue LSPR shifts from the sensor, and FTP

may give higher LSPR shifts than the actual intracellular p53 concentration when p53

is down regulated. This problem can be remedied by regenerating the sensor or by

using alternative affinity probes, such as aptamer or cellular receptors.

Our results agree with the previous studies of p53 using fluorescent microscopy

and western blot64,99,15. Current FTP technology offers a range of comparable advan-

tages. First, it is a label-free technology, which precludes the interference of labels
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with biomarkers. Second, it is capable of interrogating single cells intact, without the

need of cell harvest and cell lysis. Third, it allows the quantification of its real-time

intracellular dynamics. By referring to the measurement in physiological environ-

ment, we assert that the p53 concentration can increase up to the order of 10 nM un-

der external stress (UV illumination).

Similar experiments were repeated to demonstrate its ability to repeat intracellu-

lar p53 detection. For every measuerment, different FTPs and different cell batches

were used. FTP was functionalized with anti-p53. HeLa cells were exposed to either

10 J/m2 of ultra-violet (UV) light or 400 ng/mL of NCS drug. FTP was inserted into

the cytoplasm of the cell, incubated for 5 minutes, and then retrieved out of the cell

and measured in the cell culture medium. This insertion, incubation and measurement

were repeated every 30 minutes. Figure 3.12a-c show p53 response to UV exposure.

Its concentration increases with respect to time and plateaus after about 4-5 hours.

Figure 3.12d-f show p53 response to NCS drug. In clear contrast, p53 concentration

shows repeated pulse behavior.
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Figure 3.11: Intracellular p53 detection in a single living HeLa cell with FTP. (a) Sequence of

EMCCD images of an FTP penetrating a single HeLa cell, viewed from below. The FTP was

first positioned outside the cell with its tip lying slightly flat against the petri dish substrate. It

was then punctured into the side of the cell. Without background illumination, we can clearly

see the LSPR signal from the nanorod glowing inside the cell. (b) p53 dynamics in the intact,

UV exposed and NCS treated HeLa cells. The p53 showed sustained concentration increase

under UV, and pulsed oscillation under NCS.

50



CHAPTER 3. INTRACELLULAR SENSING WITH FTP

Figure 3.12: p53 dynamics inside an intact HeLa cell in response to UV illumination and

NCS drug. (a-c) Intracellular p53 dynamics from HeLa cells exposed to UV (d-f) Intracellular

p53 dynamics from HeLa cells treated with NCS drug.
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3.6.2 β-Amyloid and Tau Dynamics in Live Neurons

Aβ accumulation (amyloid plaques) and Tau phosphorylation (neurofibrillary

tangles) are the pathological hallmarks of Alzheimer’s disease. However, there has

been a long standing debate on the dynamic relations between Aβ and Tau proteins,

partially due to the lack of a tool to track protein dynamics in individual live neurons.

Aβ hypothesis posits that generation of Aβ triggers cascade of neurotoxic events, in

particular, hyperphosphorylation of Tau that leads to neurofibrillary tangles47. Tau

hypothesis suggests that Tau phosphorylation leads to inflammatory cascades and

Aβ overproduction, and eventually neuronal death49,28. Debates still remain on the

precedence and causal relations between Aβ generation and Tau phosphorylation110,

partially due to the lack of a technique to simultaneously measure the dynamics of Aβ

and phosphorylated Tau proteins in the same individual neuron over time at their na-

tive conditions. Here, we demonstrate direct observation of dynamic change of Aβ42

and phosphorylated Tau (at serine 262) proteins in single living neuroblastoma cells

using the nanoplasmonic fiber tip probe (nFTP) technology77. Our measurements

suggest a hierarchical and circular pattern between Aβ generation and Tau phosphory-

lation: Aβ generation precedes and leads to Tau phosphorylation, and phosphorylated

Tau also promotes Aβ generation.

The nFTP device comprises of a nanoscale optical fiber with a single gold nanorod

biosensor on its tip (Figure 3.1). The gold nanorod biosensor presents a localized sur-

52



CHAPTER 3. INTRACELLULAR SENSING WITH FTP

face plasmon resonance (LSPR) which quantifies proteins that bind on its surface.

We designed a mechanically revolving dual-FTP device (Figure 3.13a) with a home-

built revolving cylinder, 120º rotatable that can hold three metal fiber chucks (two are

shown). Each chuck held one nFTP device. In our experiment, we used two nFTPs

functionalized with Aβ42 antibody (ab10148, Abcam) and phospho-specific Tau an-

tibody (anti-Tau-PS262, sc-32828, Santa Cruz), respectively. The device was con-

trolled by the piezoelectric stages and could be precisely manipulated to puncture

individual cells under a conventional microscope (Figure 3.13b).

Glycine solution (pH 2.5 tuned with hydrogen chloride) was used to unbind pro-

teins off the antibodies, while preserving the antibodies on the sensor. 1% BSA solu-

tion was used to block the non-specific binding, which was found to be an essential

step to suppress non-specific binding in the intracellular measurements. One mea-

surement cycle is the following: (a) The FTP sensor was sequentially incubated in the

regeneration and blocking solution. (b) It was then brought in proximity to the cell.

(c) The baseline spectra were first taken outside of the cell. (d) The FTP was then in-

serted into the cell, incubated for 2 mins and retrieved out of the cell. (e) The signal

spectra were taken at the same focal position as the baseline spectra. LSPR shift be-

tween the baseline and signal spectra induced by the proteins captured by the antibod-

ies, quantified the intracellular protein concentrations. This regeneration-blocking-

baseline-insertion-incubation-retreat-signal completes one measurement cycle, and

can be repeatedly performed on the live cell.
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The sensitivity and dynamic range of the nanoscale fiber tip probe (nFTP) biosen-

sor can be tested by mixing different concentrations of Tau-PS262 proteins (Santa

Cruz, sc-32828p) into the cell culture medium. The nFTP biosensor was function-

alized with anti-Tau-PS262 (sc-32828, Santa Cruz). As shown in Figure 3.14, the

sensor has a detection range from 0.5 nM to 0.5 M, equivalent to approximately 300

to 300,000 copies of proteins in the volume of a typical cell (roughly 10 μm size).

This dynamic range of proteins falls in the biologically relevant concentration of in-

tracellular proteins135. The nFTP biosensor functionalized with anti-Aβ42 (ab10148,

Abcam) was used for Aβ42 detection. Figure 3.14b and 3.14c showed the localized

surface plasmon resonance (LSPR) shift at different concentrations of Aβ42 and Tau-

PS262 mixed into the cell culture medium [without fetal bovine serum (FBS)]. The

nFTP biosensor was regenerated between different concentrations. The affinity be-

tween Aβ42 and its antibody was 44 ± 12 nM, and the affinity between Tau-PS262

and its antibody was 16 ± 4 nM.

To further test the repeatability of nFTP technique, we measured both Tau-PS262

and β-Amyloid levels in the wild-type neuroblastoma SH-SY5Y cell, Tau over-expressed

SH-SY5Y cell (SH-SY5Y-Tau cell), mouse cortex neuron and Tau knock-out mouse

cortex neuron (Neuron-Tau−/−). All these cells were first treated with isoflurane to

trigger Tau-PS262 generation. Results summarized in Figure 3.15 showed clear dif-

ference in Tau-PS262 expressions between different cell types, while similar levels of

β-Amyloids were observed as control. LSPR shifts can be converted to protein con-
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centrations by calibrating nFTP using known concentrations of Tau-PS262 solutions.

To study Aβ and Tau-PS262 dynamics simultaneously in the same cell, we built

the mechanically revolving dual-nFTP and functionalized the gold nanorod surfaces

with Aβ antibodies and Tau-PS262 antibodies, respectively. Inhalation anesthetic

isoflurane has been shown to induce Aβ accumulation136 and Tau phosphorylation

(increase in Tau-PS262 levels without significant changes in total Tau levels)34, which

provides a clinically relevant tool to simultaneously induce both Aβ generation and

Tau phosphorylation. Prior to single cell measurements, each FTP was tested in a pre-

mixed solution with either Aβ42 or Tau-PS262 proteins in the cell culture medium.

The positive spectrum shift verified the successful functionalization of antibodies on

the sensor surface.

Figure 3.13: Setup for intracellular measurement of Tau and Aβ proteins with nFTP. (a) Pho-

tograph of a mechanical revolving dual-nFTP device. Each fiber chuck holds 125 μm optical

fiber (Thorlabs), and can be rotated by 120º with the revolving cylinder. (b) Microscope im-

age (20X) of the FTP inserting into an individual live human neuroblastoma cell (SY5Y).
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Figure 3.14: Physiological measurement of label-free Tau-PS262 with nFTP. (a) 0.5, 1, 5,

10, 50, 100, 500 nM Tau-PS262 in the cell culture medium (without FBS) were prepared,

and sequentially tested. At each concentration, 1,000 spectra were measured. The nFTP was

regenerated between two different concentrations The regeneration processes are replaced

by red squiggly lines. (b and c) LSPR shift at different concentrations of Aβ42 (b) and Tau-

PS262 (c) solutions fitted with the Langmuir equation. The affinity between Aβ42 and its

antibody is 44 ± 12 nM (n=3). The affinity between Tau-PS262 and its antibody is 16 ± 4 nM

(n=3).
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Figure 3.15: Characterization of nFTPs in different cell types. The nFTP sensors, function-

alized with anti-Tau-PS262 (sc-32828, Santa Cruz) and anti-β-Amlyoid(ab13822, Abcam),

and were employed to measure Tau-PS262 and β-Actin proteins in different cell types after

the cells were treated with isoflurane. The error bar is the standard error (n=3). All cells had

different concentrations of Tau-PS262 and β-Actin proteins
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We first performed a control experiment in the SH-SY5Y-Tau cells without the

treatment of isoflurane. As shown in Figure 3.16a, neither Aβ nor Tau-PS262 levels

increased under this control condition. Each data point in all of the plots represents

the averaged value of three consecutive measurements (n=3) in the same cell. Next,

we treated SH-SY5Y-Tau cells with 2% isoflurane for two hours, and then measured

Aβ and Tau-PS262 levels simultaneously every two hours up to 12 hours. In con-

trast to the control condition, isoflurane significantly increased the Aβ and Tau-PS262

levels (Figure 3.16b). Moreover, the time to reach a 50% increase in Aβ level (ap-

proximately 4 hours) was less than that needed for a 50% increase in Tau-PS262 level

(approximately 7 hours). These data suggest that Aβ generation may precede Tau

phosphorylation.

Next, we set out to study whether Aβ generation and Tau phosphorylation could

interfere with each other. We treated the SH-SY5Y-Tau cells with 0.5 μM γ-secretase

inhibitor (L-685,458, Sigma L1790) one hour before the isoflurane treatment, which

has been demonstrated to suppress Aβ accumulation136. In the same cell, we ob-

served simultaneous decrease in the Tau-PS262 level (Figure 3.16c). We also used

0.5 μM Tau phosphorylation inhibitor (K252a, Abcam ab120419) to treat SH-SY5Y-

Tau cells for one hour before the isoflurane treatment, which has been shown to sup-

press Tau-PS262 generation74,53. In the same cell, we observed Aβ level first in-

creased but finally reduced after 10 hours (Figure 3.16d). These data indicate that

inhibition of Tau phosphorylation led to a partial reduction in Aβ levels. Taken to-
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gether, these results suggest a hierarchical and circular pattern between Aβ generation

and Tau phosphorylation: Aβ42 generation precedes Tau phosphorylation (at size

S262). Suppression of Aβ42 generation suppresses Tau-PS262. Suppression of Tau-

PS262 partially suppresses Aβ42, indicating a hierarchical relation between Aβ42 and

Tau-PS262. Therefore, when Tau phosphorylation is inhibited by K252a, Aβ42 level

still increases for the first 10 hours, and decreases at a later stage.

Our results are the first direct measurement of intracellular Aβ generation and

Tau phosphorylation in individual live cell. Pending further demonstrations, our tech-

nique could be widely applicable to study disease pathways and test drug efficacies

at cellular level, and can complement the limitation of fluorescent labeling tech-

niques79,142,29 and other techniques to detect protein phosphorylations82,30,113. Limi-

tations of the current technique include low throughput to interrogate a large amount

of cells, which can be improved by multiplexing single fibers into fiber arrays.
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Figure 3.16: Aβ42 and Tau-PS262 dynamics. (a) Aβ42 and Tau-PS262 levels were monitored

in the same SH-SY5Y-Tau cell when no isoflurane was applied (control condition). (b) Aβ42

and Tau-PS262 levels were monitored after the treatment of isoflurane in the SH-SY5Y-Tau

cell up to 16 hours. (c, d) Dynamic Aβ42 and Tau-PS262 levels in SH-SY5Y-Tau cells, which

were pre-conditioned with (c) 0.5 μM γ-secretase inhibitor or (d) phosphorylation kinase in-

hibitor K252a prior to the isoflurane treatment. For all data points, we measured three times

with the same FTP on the same cells, and the error bars are from the three replicated measure-

ments.
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3.6.3 Cell Culture, Lysis, Drug Treatment, and Immonoblot

For p53 measurement, human cervix epithelial HeLa cells (American Type Cul-

ture Collection, ATCC) were cultured at 37 °C in DMEM F-12 Medium supplemented

with 10 % fetal calf serum, 100 U/mL penicillin, and 100 ug/mL streptomycin.

We harvested cells, lysed, and measured the total protein concentration (10 mg/mL)

by Bradford assay (Thermo Scientific). We used human p53 protein (Santa Cruz)

as control protein to test the validity of antigen and antibody. Proteins were then

separated by electrophoresis on 4–20 % Mini-PROTEAN TGX Stain-Free precast

gels (Bio-Rad), and transferred to PVDF-membrane (Bio-Rad) by electroblotting.

The membrane was incubated with primary p53 monoclonal antibody (Santa Cruz)

overnight, washed, and incubated with secondary antibody for 2 hours. Protein levels

were then observed by chemoluminiscence after adding SuperSignal West Pico Work-

ing Solution (Thermo Scientific) for 5 minutes. Both commercial p53 and intracellu-

lar p53 existing inside the lysate of HeLa cells paired well to the commercial anti-p53

(Figure 3.17a). We used western blot to verify the efficacy of the phosphorylation

kinase inhibitor K252a (Figure 3.17b). Isoflurane was treated for 6 hours in Figure

3.17, as compared to 2 hours in nFTP experiments. We were not able to observe sig-

nificant difference between the control and isoflurane group without increasing the

isoflurane dosage from 2 hours to 6 hours. K252a concentration of 3 μM was used.

For Aβ and Tau measurement, The wide-type [American Type Culture Col-
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lection (ATCC), Manassas, VA, CRL-2266] and Tau over-expressed (generous gift

of Dr. Luc Buee from Inserm UMR1172, France) human neuroblastoma cells (SH-

SY5Y cells) were cultured at 37 °C in a humidified incubator with 5% CO2 in DMEM

F-12 Medium (ATCC, 30-2006) supplemented with 10% fetal calf serum (ATCC,

30-2005), 100 U/ml penicillin and 100µg/ml streptomycin (Sigma, St. Louis, MD,

P4333), 1% (v/v) nonessential amino acids (Sigma, M7145) and 2 mM L-Glutamine

(Sigma, 59202C).

For anesthetic isoflurane treatment, Twenty-one percent oxygen, 5% carbon

dioxide, balanced nitrogen, and 2% isoflurane were delivered from an anesthesia va-

porizer to a sealed plastic box in a 37°C incubator containing plates seeded with the

SH-SY5Y-Tau cells for two hours. Twenty-one percent oxygen, 5% carbon dioxide

and balanced nitrogen without isoflurane were used in the control condition.
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Figure 3.17: Western-blot analysis. (a) Western-blot analysis of expression of 5 and 10 μg of

commercial p53 and 20 and 40 μg of cell lysates from HeLa cell, where β-actin was used as

control for loading. Commercial anti-p53 paired well with both commercial and intracellular

p53. (b) Western blot measures Tau-PS262 protein. Tau protein was expressed only when the

cells were treated with isoflurane.
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3.6.4 Cell Viability Test

We assessed the cell membrane integrity, enzymatic and metabolic activity after

the cell was punctured by nFTP once every hour, consecutively for 12 hours. First,

we used the cell viability/cytotoxicity assay (L3224, Invitrogen). 2 μM calcein-AM

and 4 μM ethidium homodimer-1 (ethD-1) were applied to the cell. After incubating

for 40 minutes, cell medium was replaced by 1 mL Dulbecco’s phosphate-buffered

saline (DPBS) and cells were imaged under fluorescent microscope. The calcein-AM

is a green fluorescent dye that indicates intracellular esterase activity. EthD-1 is a red

fluorescent dye that stains nucleic acid, indicating a compromised cell membrane. As

shown in Figure 3.18a, the dash-circled cell was punctured by the nFTP and showed

green fluorescence and no red fluorescence. The solid-circled cell, punctured by a mi-

croscale fiber showed red fluorescent color and no green fluorescence. These results

indicated that puncturing by the nFTP (but not microscale probe) preserved esterase

activity and membrane integrity.

Next, we performed cell vitality assay (L34951, Invitrogen). 500 nM C12-resazurin

and 10 nM SYTOX DNA binding dye were applied to the cell and incubated for 15

minutes. Reduction of C12-resazurin to red-fluorescent C12-resorufin indicates active

metabolic condition. SYTOX is a cell-impermeant, green-fluorescent nucleic acid

stain that indicates compromised cell membrane. In Figure 3.18b, the dash-circled

cell was punctured by the nFTP and the solid-circled cell was punctured by a mi-

64



CHAPTER 3. INTRACELLULAR SENSING WITH FTP

croscale probe. The presence of red fluorescent color and absence of green color in

the dash-circled cell indicated that the nFTP (but not microscale probe) puncturing

preserves cell metabolic activity and membrane integrity.

Figure 3.18: Cell viability and vitality assay on SH-SY5Y-Tau cells. The dash-circled cell

is punctured by nFTP once every hour for 12 hours. The solid-circled cell is punctured by a

microscale fiber. (a) Cell viability/cytotoxicity (L3224, Invitrogen) assay. Green-fluorescence

indicated active esterase condition. Red-fluorescence indicated loss of cell membrane in-

tegrity. (b) Cell vitality (L34951, Invitrogen) assay. Green-fluorescence indicated loss of cell

membrane integrity. Red-fluorescence indicated active metabolic condition.
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4
Potential Applications of FTP

4.1 Membrane Potential Sensing with Nanodiamond

The ability to make electrical measurements inside cells is central to understand-

ing the fundamental behavior of cells and cell networks of neural and cardiac sys-

tems. The patch clamp technique, in which a glass micropipette filled with electrolyte
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is inserted into a cell, offers both high temporal resolution and signal-to-noise ratio44.

However, the micropipette cannot be very small due to the increase of the impedance

at the interface between the micropipette and the cell interior. Other electronic meth-

ods that uses nanosize transistor have been proposed124, but they have low yield on

devices functioning successfully and require laborious fabrication steps. I propose

using a single nanodiamond with nitrogen-vacancy (NV) centers attached to an FTP

tip to optically measure magnetic field or electric field created when neurons or car-

diomyocyte cells fire action potential.

The negatively-charged NV center is a lattice defect in diamond, which consists

of a substitutional nitrogen atom and an adjacent vacancy. The spin states of NV cen-

ters can be optically addressed and are sensitive to a number of physical quantities,

such as magnetic119,83,40 and electric fields33, temperature70,1,27,92, orientation32, and

pressure31. NV centers in diamonds have emerged as a promising sensor due to its

atomic size, stability, and unprecedented sensitivity. Nanodiamond with these defects

can be used to locally detect and measure physical quantities of the target. In addi-

tion, the photostability and biocompatibility of fluorescent NV centers within nanodi-

amonds have also permitted quantum control of NV centers within living cells144. In-

situ, real-time measurement of membrane potentials based on electric field detection

would be possible, when a single nanodiamond immobilized at an FTP is delivered

near to a cell membrane in which they experience a strong potential drop between the

intra- and extra-cellular space (Figure 4.1a).
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Figure 4.1: Characteristics of the nitrogen-vacancy (NV) center. (a) Schematic setup for us-

ing nanodiamond-FTP (ND-FTP) for measuring intracellular action potentials. (b) Energy-

level diagram of NV−. |g> denotes the electronic ground state, |s> the electronic excited state.

Green arrows indicate the radiative transition (excitation , and black dotted arrows indicate

nonradiative decay via the singlet state. D is the zero-field splitting and 2γB is the Zeeman

splitting. (c) Photoluminescence spectrum of NV centers in a nanodiamond attached to an

FTP. 532 nm laser was used for excitation and 600nm-LP filter was used for measuring pho-

toluminescence. We could observe NV− zero phonon line (638 nm) and NV− vibrational side

bands (630–800 nm). (d) Electron spin resonance (ESR) spectrum of ND-FTP recorded using

the optically detected magnetic resonance (ODMR) technique. A drop in fluorescence at 2.87

GHz was observed at zero magnetic field, and Zeeman splitting of the peak was observed the

magnetic field is applied. 2γB was 190 MHz and deduced magnetic field applied parallel to

the NV axis was 3.3 mT.
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The principle of microwave detection is to transduce the amplitude of microwave

field into the population of spin states of NV centers. Split-ring resonator was used

for microwave delivery. As illustrated in Figure 4.1b, when the microwave frequency

ωRF coincides with the resonant frequency ω0 between the NV’s |0>g ground spin

state and the |-1>g or |+1>g spin state, the NV is driven from the |0>g to the |-1>g

or |+1>g state. The |+1>g and |0>g spin population can be optically readout through

the fluorescent intensity difference, because the |+1>e spin states have non-radiative

decay paths whereas the |0>e spin states do not. In other words, as an auxiliary mi-

crowave field is swiped over the ESR resonance, excitation from |0>g to |+1>g oc-

curs when the microwave frequency is resonant with the ESR transition, resulting

in a reduction of fluorescence intensity. This optically detected magnetic resonance

(ODMR) effect is characteristic of NV centers. The energy difference between spin

sublevels (zero-field splitting or resonant frequency, D0 = ~ω) is D = 2.87 GHz for

the ground state.

The main |g>↔|e> transition has a resonant wavelength at 638 nm (zero phonon

line), and most luminescence appears in vibrational side bands between 630 and 800

nm (Figure 4.1c). We carried out ODMR experiment by continuous illuminating

532nm excitation laser while step-sweeping microwave frequency. For a nanodia-

mond sample, we could measure ESR spectrum at zero and nonzero magnetic field

(Figure 4.1d). When a magnetic field was applied, two resonance peaks separated

by 190 MHz appeared in the ODMR spectrum, because the degeneracy between the
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|±1>g levels was lifted (Zeeman splitting). The frequency separation between the two

resonances is given by 2γBz, where γ (= 28 GHz/T) is the gyromagnetic ratio and Bz is

the magnetic field parallel to the NV axis. Bz was applied by the neodymium magnet

and was calculated to be 3.3 mT.

To test if ND-FTP has enough temporal resolution and signal-to-noise ratio to

detect action potentials, we first simulated a non-invasive magnetic field detection

scheme43. ND-FTP was placed on top of a micro-ring resonator that applies a uni-

form microwave in z-axis16 and was brought near (<5 μm) to an micro-wire which

functions as an artificial axon (Figure 4.2a). External magnetic field was created by

the artificial axial current and induced Zeeman splitting to the ND-FTP. We fixed

the microwave frequency at 2.87 GHz, corresponding to zero-field splitting, and

measured the intensity change induced by the Zeeman splitting (Figure 4.2b). We

fixed the distance between ND-FTP and the artificial axon and the microwave fre-

quency/intensity, and varied the artificial Axial current intensity and frequency. Fig-

ure 4.2c and 4.2d shows that fluorescence contrast of NV centers in response to cur-

rent frequency modulated by an 20Hz square wave can be stably detected. The cur-

rent flowed through the artificial axon was 10 mA, and the ESR shows roughly 5

MHz peak splitting. This corresponds to 178 μT magnetic field applied parallel to

NV-center axis. To simulate neurons, magnetic field applied to the ND-FTP should be

in order of a few nT and induces only a few hundreds of Hz splitting in ESR43.

For now, we did not meet the required sensitivity for measuring neural action
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potentials, but optimizing the setup is ongoing. First, in order to decrease the back-

ground noise, we can isolate our system from background electromagnetic fields or

microwave sources as well as from vibration or light source. Second, we can adapt

other NV signal detection protocols such as Hahn echo pulse scheme (field-induced

phase accumulation) or Ramsey-type schemes (free induction decay) instead of cur-

rent scheme using continuous illumination of excitation laser and microwave (ODMR)119,33.

Although these measurement schemes require brighter fluorescence from NV centers

and more complicated measuring schemes, they have significant advantage in sensi-

tivity. Thirdly, we can goal to measure electric field across the cell membrane. The

ODMR spectrum is also sensitive to the electric interaction, caused indirectly by the

Stark effect and spin-orbit coupling, and can be used to measure electric fields. Given

typical membrane potentials of 40–80 mV and a membrane thickness of 5–10 nm,

the expected electric field is of order 107 V/m, and the corresponding ODMR fre-

quency shifts a few megahertz. An A.C. electric-field sensitivity reaching rouhgly

2 · 105 Vm−1Hz−1/2 has been achieved33, and this strong response should allow mon-

itoring of the hundreds of milisecond excitation of cardiac cells or the millisecond

excitation of neurons in real time.
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Figure 4.2: Response of ND-FTP to simulated action potential. (a) Optical image of ND-FTP

brought close to a 20μm-thick electrode. The electrode served as an artificial neuron where

the current was flowed to apply magnetic field on the ND-FTP. (b) Schematic ESR spectrum

with (red) and without (blue) the external magnetic field. The magnetic field from the artifi-

cial neuron influences the energy level of NV centers and induces the change in ESR spec-

trum. At fixed microwave frequency of 2.87 GHz, we can detect the fluorescence contrast. (c)

Real-time fluorescence intensity of NV centers in a nanodiamond at an FTP tip without the

magnetic field (control condition). (d) Fluorescence contrast of NV centers when 10 mA is

flowed through the artificial neuron. The fluorescence contrast at 20 Hz modulation could be

stably measured.
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4.2 Temperature and Pressure Sensing

The zero-field splitting is dependent on the temperature, local strain, and pres-

sure allowing NV centers be used as a nanoscale termal, local strain, and pressure

sensor56. The hydrostatic pressure shifts the optical ZPL and the ground state ODMR

of NV− centers by ∂D/∂P= 1.5 kHz/bar at room temperature31, and the temperature

shifts by ∂D/∂T= 74.2 kHz/K under ambient conditions1.

Precise local thermometry has a wide range of applications in the semiconductor

industry and in living systems70,92. The lowest sensitivity of a nanodiamond sensor as

a thermometer so far is 130 mK/Hz1/2 92. Nanodiamond-FTP device allows measuring

local temperature in three-dimensional space with spatial resolution on the order of a

few nanometers. For example, a nanodiamond at an FTP tip can be delivered and im-

mobilized within the cells to measure local temperature changes induced by chemical

reactions or biochemical processes.

Small changes in volume and pressure of eukaryotic cells offers an important

signal for cell proliferation, death, and migration114, but the nanodiamond-FTP is

not suitable as a biosensor for measuring the intracellular pressure changes in differ-

ent components of a living cell. Silicon chips-based pressure biosensor demonstrated

that osmotic shock (1/10 water dilution of the standard cell medium) to HeLa cells

induced a hydrostatic pressure of roughly 7 bar inside the cell38. The ZPL of NV-
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centers is expected to shift only 11 kHz due to the osmotic shock. Instead, the dia-

mond pressure sensor is suitable for applications in extreme environments such as in

diamond anvil cells (DAC) that achieves pressure up to millions of bars31.

4.3 Surface-Enhanced Raman Spectroscopy

Surface-enhanced Raman scattering (SERS) has demonstrated single-molecule

sensitivity and is becoming intensively investigated due to its significant potential in

chemical and biomedical applications67,93,100. When a gold nanorod is excited with

an external laser and carries the localized surface plasmons (LSPs), it serves as a hot

spot where the local optical field is enhanced tremendously when compared to its sur-

rounding. Single molecule enhancement factor (SMEF), which quantifies the increase

in signal intensity (counts · s−1mW1) per molecule, can be expressed by E4 approxi-

mation, the fourth power of the ratio of the total electric field E(rm, f) at the molecule

location rm to the incident excitation field Einc(f) where f is the laser frequency36.

SMEF(rm, f) =
∣∣∣∣E(rm, f)Einc(f)

∣∣∣∣4 (4.1)

Typical single molecule enhancement factor (SMEF) of plasmonic materials

ranges from 104 to 107, which is sufficient for single molecule detection66. The gold

nanorod attached to an FTP tip can be excited via external laser, and its enhanced Ra-
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man scattering signal can be collected either through the FTP or through an objective.

The gold surface can be functionalized to be sensitive to specific proximate analyte

molecules. For example, gold nanorods immobilized with Thymine (T)-rich single-

stranded DNA (ssDNA) can be used for Hg2+ ion detection45, or gold nanoparticles

labeled with oligonucleotides and Raman-active dyes can be used to uniquely inden-

tify gene sequences for HIV, Ebola, and Hepatitis25. Theoretical analysis through

time-dependent density functional theory (TDDFT) calculations is also possible for

comparison with experimental SERS data4.

4.4 FTP with Metasurface for Optical Trapping

In order to further reduce invasiveness of the FTP device, I propose a non-invasive

method to deliver, immobilize, or manipulate optically-trapped nanosensors inside a

single live cell and detect intracellular physical, chemical, and biological properties

(Figure 4.3a).

A gradient force of a single tightly focused laser beam allows to trap individual

nano- and micro-sized particles in three dimensions. This technique known as opti-

cal tweezers has found wide-spread applications in biology, physics, chemistry and

materials science88, because it allows applying well-defined forces and manipulating

nano- and microscale particles non-invasively. Structures can be fabricated on a fiber

tip to manipulate phase of laser and focus it to create an optical trap in which particles
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would be immobilized. The levitated particles or nanosensors will eliminate the need

for mechanically puncturing into the cells, thus increasing specificity and remove cell

invasiveness. This nanosensor can range from protein-functionalized gold nanopar-

ticle, nanodiamonds, quantum dots, nanocavities, and etc, and be used to quantify

real-time, intracellular dynamics. This may provide a new all-optical methodology

for internalizing nanosensors within specific intracellular regions.

3D structure functioning to create a tight focus can be a convex optical lens at

the fiber tip10, chemically-etched graded-index fiber39, or fresnel lens structure at the

fiber tip24. However, these 3D optical materials are complex to fabricate at accuracy

of optical wavelength. Instead, by depositing metal structures on the flat fiber tip that

functions as a metastructure3,80 (Figure 4.3a), optically thin engineered metasurfaces

can be used to engineer wave fronts by locally controlling phase and amplitude of

light along the surface. These metasurface can be an array of metallic nantennas3,

dielectric a-Si pillars11, plasmonic micro-ring arrays80, and plasmonic micro-hole103.

Unlike optical components that conventionally rely on propagation effect, abrupt

phase shift can be introduced to make any desired wave front. V-shaped nanoan-

tennas, whose double resonance effect, make them possible to obtain great phase

changes and maintain large amplitude within an ultra-thin area141. By circularly ar-

ranging these antennas on a flat surface, linearly polarized light can be focused at

a certain focal f by compensating the interface for the distance of every point from

a spherical surface centered at the focus and with radius f3. Since phase can be con-
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trolled locally at accuracy of nantenna spacings, this structure allows spherical-abberation-

free, diffraction-limited focusing. However, this structure suffers from limited trans-

mission efficiency (1-10%) due to the metal absorption and reflection loss, and is too

large to fabricate on a fiber tip (lens size: roughly 1mm in diameter3). Similarly, ar-

ray of dielectric a-Si pillars can be used for local control of light phase and has higher

transmission efficiency (roughly 85%), but this structure also suffers from its large

lens size11.

A simple design of metasurface can be created by fabricationg a micro-ring ar-

rays at the flat fiber tip (Figure 4.3b)80. When a TM polarized monochromatic plane

wave impinges on the micro-ring slit, it excites surface plasmons, the collective os-

cillations of the electrons at the surface. The surface plasmons propagate along the

surface of the metal film and are diffracted to the far-field by the periodic grooves,

which are designed with a width smaller than half of the incident wavelength to allow

a high diffraction efficiency. Constructing interference of such diffracted beams leads

to the focusing effect at a certain point on the beam axis (< 3 μm away from the sur-

face). Since the diffracted beams are modulated by the nanometric grooves, through

adjusting the parameters of the grooves such as width, depth, period and number of

grooves, the diffracted beams can be fully manipulated resulting in a tailored ultra-

compact lens with subwavelength resolution and nanometer accuracy. However, this

structure may suffer from low transmission efficiency (5-15%).

Another simple and microsize design of metasurface would be a planar metallic
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transmissive micro-aperture (< 3 μm) capable of focusing visible light at the flat fiber

tip (Figure 4.3c)103. Four 500nm-thick concentric metal rings spaced 500 nm apart

comprises the metasurface. The focal spot size was simulated to be dependent on the

incident light wavelength and be diffraction-limited. The interactions of the electro-

magnetic radiation at the metal–dielectric interface excite surface plasmons at both,

the gold–fiber interface as well as the gold–air interfaces and get coupled through the

hole. These surface plasmons then reradiate and diffract into photons, superpose with

the incident planar wavefronts, and generate high energy concentration at the focal

spot. The micro-aperature structure provides tight focal spot and high transmission

efficiency (40-60%), and is easier to fabricate than the metal nantenna or micro-ring

arrays. The flat fiber facet can be realized with platinum (Pt) using focused ion beam

deposition, leaving an circular aperture within 2 μm in diameter.

In order to have a stable trapping where the gradient trapping force is larger than

the scattering force, a 1064 nm laser should be used for illumination (Section A.4).

Typically, 100mW is enough to trap a gold nanorod46. Depending on its aspect ra-

tio and size, the trapped gold nanorods align along or orthogonal to the direction of

the propagating laser light108. The Brownian motion may introduce extra torque and

causes shift and tilt from its equilibrium position14. Heating of an optically-trapped

nanoparticle can be an issue to use this tool for intracellular detection. Plasmonic

heating from non-radiative decay channels due to electron-electron and electron-

phonon interactions increase as the absorption cross section increases. For small par-
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ticles, the analytical solution of heat change is ΔT (r) = σabsI/4πκr57. Assuming we

know the absorption cross sections and the thermal conductivity of the media, I cal-

culated the heating of airborne gold nanoparticles with diameters of 80, 150, and 200

nm to be 1.8, 9.6, and 21 K/mW with 1064 nm incident laser, respectively. The cor-

responding values in water are 0.15, 0.88, and 2.0 K/mW, respectively. Assuming

100 mW laser is delivered to a 100nm gold nanoparticle in water, 15K temperature

change is expected.

Another potential issue may come from the particle not being able to penetrate

through the cell membrane. Median forces required to penetrate cellular or synthetic

bilayers with 200nm-thick nanoprobes was roughly 10 nN8. Since the particle is

much smaller than a nanoprobe, much less power may be required for penetration.

For intracellular injection of particles, femto-second laser pulse may be used for pre-

cise ablation and penetration of membrane120, or the particle can be injected into cells

through a combination of plasmonic heating and optical force76.

A metasurface on a flat optical fiber tip can function as an optical tweezer to

trap in near-field within 3 µm apart from the flat fiber tip and freely manipulate sin-

gle plasmonic particles in three dimensions (3D). I propose a realistic way to fabri-

cate flat optical fiber tip and plasmonic nanostructures, which would provide higher

field enhancements. Intracellular surface-enhanced Raman spectroscopy would be

also available on the trapped nanoparticle86. This tool can be used for non-invasive

method for drug delivery, cellular manipulation, and intracellular measurements.
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Figure 4.3: Schematics and simulation results of metasurface on an FTP. (a) Schematic setup

for trapping a plasmonic particle and interrogating a live single cell. An optical fiber is grad-

ually tapered from 125 µm to roughly 10 µm, and metasurface (metal micro-hole in the fig-

ure) is fabricated on a flat fiber surface to focus light in near field (2 µm). A particle can be

optically trapped at the focus. (b) Plasmonic micro-ring metasurface. Four 500nm-thick con-

centric Pt rings (yellow) were fabricated on the fiber surface (blue). Finite-difference-time-

domain (FDTD) simulation was used to calculate the near-field optical mode. When inci-

dent with Gaussian 1064nm laser (purple arrow), light was focused in an approximate spot of

1μm3. (c) Plasmonic micro-hole metasurface. Pt aperture with 0.75 μm in diameter was fabri-

cated on the fiber face. FDTD simulation on Pt microring structures showed that the trapping

mode of <1 μm3 could be formed at near-field to the FTP.

4.5 Mechanical Sensing with FTP

Microcantilevers are micromechanical beams that are anchored at one end, such

as diving spring boards. Micromechanical cantilever-based biosensors can serve as

a highly sensitive sensor platform by measuring stresses and mass changes with ex-
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tremely high sensitivity54,12. Cantilever-based sensors have been used to measure

biological dynamics such as antibody/antigen interactions134, single virus mass de-

tection41, and detection of biomarker transcripts in human RNA143. As demonstrated

in Section 2.2, we can fabricate a mechanical FTP with an end-portion nanowire and

use it as a cylindrical micromechanical sensor. This sensor allows a lab-on-a-fiber

platform for label-free, multiplexed detection of molecules at low cost.

Stress and bending can be measured when molecules are adsorbed on one side

of the cantilever, or their change in mechanical resonance frequencies can be mea-

sured when the effective mass of the microcantilevers changes due to chemical or

biological adsorption. Their typical dimensions are approximately 100 μm long, 20

μm wide, and 1 μm thick. The end-portion nanowire of a mechanical FTP can be sub-

micron thick and several hundreds of microns long and be fabricated at the dimen-

sion of well-studied microcantilvevers (Figure 4.4a and 4.4b). By monitoring can-

tilever bending induced by analyte adsorption and resonance frequency change due to

adsorption-induced mass loading, we can measure chemical or biological processes of

proteins and nucleic acids or detect nanodusts and chemicals floating in air.

As shown in Figure 4.4c, a mechanical FTP is aligned parallel to a lens fiber that

detects the intensity of a HeNe laser coupled to the mechanical FTP. The mechan-

ical FTP is modulated at the driving frequency of electric field created at a gap be-

tween two micro-electrodes. At the resonance frequency of the FTP, the end-portion

nanowire will modulate with large amplitude and the light intensity measured through
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a lens fiber will vary as the fiber gets in and out of alignment with the mechanical

FTP. As shown in Figure 4.5, Fast Fourier transform (FFT) of the light intensity

graph over time shows one clear peak at the modulating frequency which is also

equal to its resonance frequency. The frequency matches the theoretical first order

resonance frequency of the end-portion nanowire which is normally at 10 to 100 kHz

(Figure 4.6).

The resonance frequency f of a cantilever varies sensitively as a function of mass

loading Δm and can be expressed as

f =
1
2π

√
k

m∗ + αΔm
(4.2)

where k is the spring constant of the cantilever, m∗ is the effective mass of the can-

tilever, and α is a numerical constant. We ran COMSOL simulation on a mechanical

FTP with an end-portion nanowire. Its dimensions are 2 μm in starting diameter, 400

nm in ending diameter, and 400 μm in length. As the ending diameter and the length

of the nanowire increases, the effective mass increases (Figure 4.6b and 4.6e). Its

vibrational mode frequency decreases as its length increases (Figure 4.6c), but the fre-

quency may increase as its diameter increases because the nanowire becomes stiffer

and its spring constant increases (Figure 4.6f). For a 200μm-long nanowire, the me-

chanical frequency of the first mode (red line) and the effective mass are 650 kHz

and 28 pg respectively, and the calculated spring constant from Equation 4.1 is 467
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N/m. The mechanical shift of the first mode induced by the saturated protein adsorp-

tion (density = 1 · 10−5 kg/m2) of the nanowire is roughly 85 kHz, and assuming that

the spring constant is kept constant during adsorption68 and α = 1, the mass loading

from the protein adsorption is calculated to be 9 pg (Equation 4.1). The actual mass

of the saturated protein on the surface is 7.5 pg and is in same dimension to the mass

loading.

A mechanical FTP has potential as a highly sensitive sensor platform for label-

free detection of biological molecules and can be assembled for multiplexed detection

at low cost and at shorter turnaround time. For proof-of-concept demonstration, a

mechanical FTP can be coated with roughly 50 nm of aluminum oxide (Al2O3) via e-

beam evaporation or ALD and be used to detect dew point, ppm, or relative humidity

in air or in industrial gases122,81. Al2O3 has been demonstrated highly selective for

moisture measurement102. A quartz-crystal microbalance (QCM) sensor coated with

Al2O3 is commercialized for mositure mass spectrometry from AMETEK (Model

3050-OLV) but is bulky and expensive. In comparison, the mechanical FTP allows

reliable, portable sensing at low cost. In addition, the mechanical FTP can be used

for various applications by coating with materials that adsorb analytes for chemical or

particulate pollution detection in air19,20,105.
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Figure 4.4: (a,b) Optical and SEM image of a mechanical FTP. The taper portion of the FTP

was 300 μm long, and the end-portion nanowire was 430 μm long and 700 nm in diameter. (c)

Schematic for mechanical FTP sensing. mechanical FTP and a lens fiber is aligned parallel

so that the HeNe laser transmitted through the FTP can couple into the lens fiber when in

phase. By modulating the frequency of electric field between two micro-electrodes (gold), the

transmission through the lens fiber will vary as the mechanical FTP accordingly vibrates. (d)

Schematic for humidity detection in air. A mechanical FTP can be coated with polymer (e.g.

Polyvinylpyrrolidone (PVP)90) which absorbs moisture and swells.
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Figure 4.5: Readout from a photodiode coupled with a lens fiber. At resonance frequency, the

transmission intensity showed a sign wave with the biggest amplitude (left). Its FFT showed a

resonance frequency that matched with the modulation frequency (right)
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Figure 4.6: COMSOL Simulation of a mechanical FTP. (a) 1st, 2nd, and 3rd order mechan-

ical modes of a mechanical FTP. (b) Effective mass vs. end-portion nanowire length plot.

Different color curves mean different vibration modes (red; lower, blue; higher order mode).

(c) Mechanical resonance frequency vs. end-portion nanowire length plot. (d) Mechanical

shift induced by protein adsorption vs. end-portion nanowire length plot. Mechanical shift is

resonance frequency difference between w/ and w/o protein adsorption. We assume standard

saturation of the adsorbate as the protein which has 3 x 3 nm size and 60 kDa of the molecu-

lar weight (1 · 10−5kg/cm2x‘). (e) Effective mass vs. end-portion nanowire diameter plot. (f)

Mechanical resonance frequency vs. end-portion nanowire diameter plot. (g) Mechanical shift

induced by protein adsorption vs. end-portion nanowire diameter plot.
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5
Conclusion

This thesis mainly discusses wet-chemistry etching methods for nanoscale fiber-

tip-probe (FTP) fabrication and its application for label-free, real-time intracellular

biomarker detection in single live cell. The fabrication is scalable and mass-producible,

and the bioprobe may be composed of a wide range of solid base materials. Other

FTP applications such as measuring intracellular dynamics of electromagnetic fields,
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temperature, or pressure in neurons or cardiac cells (Section 4.1 and 4.2), detecting

humidity or pollutant levels in air (Section 4.3), and coupling light efficiently to opti-

cal devices in three-dimensions (Section 2.2) are also discussed.

Chapter 2 discusses the versatile fabrication method of FTPs. FTP is a fiber wet-

etched at nanoscale dimensions. One main form of FTPs mostly discussed in this the-

sis is a single-ended tapered optical fiber that has a sub-100nm tip in diameter and

has extreme smooth surface. Nanoscale optical sensors such as functionalized gold

nanorod, nanodiamonds, or quantum dots can be immobilized at the FTP tip for effi-

cient light coupling and localized approach of the sensors to measure physical prop-

erties of the environment. Another form of FTPs has an end-portion nanowire with

various aspect ratios. They can be several hundreds of micrometers long as well as

sub-micron in diameter, and function as a microcantilever sensor. FTP with a shorter

nanowire can be used for efficient light coupling to characterize optical devices or

properties of materials. Double-ended FTP with unetched optical fibers at both ends

and a mid portion nanowire can be used as well for device characterization. Multiple

FTPs in a uniform configuration can be mass-fabricated at the same fabrication round

and at low cost. The base material of the FTP can be any as long as it has a matching

etchant.

Chapter 3 discusses the achievement of using FTP for measuring intracellular

biomarker dynamics in intact live cells. Combining the advantages of high selectivity

from antibody-antigen recognition and high sensitivity of localized surface plasmon
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resonance (LSPR) of a gold nanorod immobilized at the FTP tip, we could quantify

intracellular biomarker concentration dynamics in a label-free, real-time manner. Our

method is an alternative approach to fluorescent labeling approach, and will be espe-

cially useful for cells and systems that are hard to label, for example, immune cells,

neurons, and precious patients’ cells and circumstances that require in-vivo and in-situ

detection. The capacity of LSP-FTP to three-dimensionally manipulate ensures the

minimal and local invasion of the probe into the cell and high reproducibility of the

results. Current demonstration regards bioprobes detecting a few specific biomarkers

such as p53 (tumor surpressor biomarker) in Hela cells and β-Amyloid and Tau pro-

tein in neurons. Its high sensitivity and single cell measurement capability make it a

unique tool to diagnose biomarkers in clinically obtained, limited, primary cells, as

well as to determine the outcomes of interventions of neurodegenerative diseases.

Chapter 4 discusses the applications of FTPs. A plasmonic FTP can be used for

surface-enhanced Raman spectroscopy (SERS) for high-sensitive chemical, molec-

ular detection. A nanodiamond, instead of gold nanorod, can be immobilized at the

FTP tip for intracellular electromagnetic fields, pressure, or temperature at single

cell level. Instead of using a nanoscale tip, a metasurface can be fabricated at a flat

fiber end in a few micrometers in diameter and be used for superfocusing and optical

trapping of a nanodevice for minimal invasiveness. A mechanical FTP with an end-

portion nanowire of large-aspect-ratio functions as a portable, low-cost microcantilver

sensor and be used for humidity or pollutant sensing in air.
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For future direction for improvement, firstly better measurement scheme can

be realized. For example, a laser with single wavelength may be transmitted through

an FTP for excitation of LSPR of a gold nanorod, and the emitted light signal may

be detected through the FTP. The collected light may be filtered out of the excita-

tion laser wavelength and only feature excitation from the gold nanorod. Secondly,

short peptides as biorecognition elements may be used instead of larger antibodies for

higher sensitive detection117. The immobilized peptide recognition elements can sig-

nificantly increase sensitivity and lower detection limit by bringing targeted analytes

much closer to the surface. If proper functional peptides can be tested and proven

functional, it may enable detection of smaller proteins such as DNA or RNA strands.

In summary, the advantage of this FTP technology is (1) scalability, (2) fast and

low-cost fabrication in mass-production, (3) nanoscale locality and maneuverability

in three dimensions, and (4) high sensitivity and specificity. FTP allows quantitative,

label-free, real-time measurement of intracellular biomarker dynamics in intact live

cells, or in clinically obtained, limited, primary cells. Furthermore, our method can

extend to a high-throughput multiplexed system, using FTP arrays for 3D mapping of

the environments.
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Theoretical Background

A.1 Surface Plasmon Resonance (SPR)

When the frequency of incident photons matches the natural frequency of oscil-

lating surface electrons at the interface between a negative and positive permitivity

material, surface plasmons (SPs) can be excited and confined at the interface. Surface

91



APPENDIX A. THEORETICAL BACKGROUND

plasmon can be defined as a density fluctuation of nearly-free electron gas propa-

gating in a direction parallel to the interface. Analytical solution of surface plasmon

can be derived for infinite flat surfaces and for nanparticles. In this section, we will

discuss bulk plasmons (the electron density oscillations of electron gas), surface plas-

mons (the electron density oscillations bound at the metal/dielectric interface) and

localized surface plasmons in nanostructures.

A.1.1 Drude−Sommerfeld Electron-Gas Model

Drude−Sommerfeld model simplifies the electron dynamics in a noble metal

into an equation of motion of a damped oscillator where the electrons are moving

between heavier, relatively immobile background ions. These electrons move freely

in between independent collisions, which occur with an average rate of γ = 1/τ, where

τ is the electron relaxation time. Drude−Sommerfeld model of a free electron gas (no

spring constant) is

me
∂ 2⃗r
∂t2

+
me
τ
∂r⃗
∂t

= eE⃗0e−iωt (A.1)

where me describes the effective free electron mass, e is the free electron charge, τ is

the relaxation time, and ω and E0 are the frequency and amplitude of the applied elec-

tric field, respectively. By substituting the velocity (⃗v) with the conduction current

density equation (⃗J = −Ne⃗v) and assuming that the current density oscillates at the
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same rate to the applied electric field, Equation A.1 can be expanded to the conduc-

tivity equation.

σ(ω) =
ne2/m
1/τ − iω

=
σ0

1/τ − iω
(A.2)

Both bound and conduction electrons contribute to permittivity of metal, and by

substituting the current density equation, the conductivity equation (Equation A.2)

into the Amphere law of Maxwell equation (∇⃗ × H⃗ = ∂ε0εBE⃗(t)
∂t + J⃗ = ε0εeffE⃗(t)), the

effective permittivity equation of Drude−Sommerfeld model (εeff(ω)) can be derived.

εeff(ω) = εB −
ω2
pτ2

1+ ω2τ2
+ i

ω2
pτ2

ωτ + ω3τ3
(A.3)

When ωvisτ ≫ 1,

εeff(ω) = εB −
ω2
p

ω2 + i
ω2
p

ω3τ
(A.4)

where n and m∗ are the density and effective mass of the conduction electrons re-

spectively, εB is the permittivity from bound electrons, and the plasma frequency is

ωp =
√
ne2/ε0m∗. As shown in Table A.1, the electron relaxation time (τ)and the

plasma frequency (ωp) can be calculated from the empirical DC conductivity (σ) by

calculating τ = σm∗/ne2.

Bulk plasmon polariton (Equation A.5) can be derived from the wave equation in
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Ag Au Cu

m∗/me
58 0.96 0.99 1.49

n m−3 95 5.86 · 1028 5.90 · 1028 8.47 · 1028

σ (Ωm)−1 65 6.21 · 107 4.55 · 107 5.88 · 107

τ fs 36.1 27.1 36.1

~ωp eV 9.17 9.06 8.85

Table A.1: Drude parameters for the noble metals Ag, Au and Cu.

Helmholtz form ( εrc2
∂2E⃗(r,t)

∂t2 = ∇2E⃗(⃗r, t)) by substituting the electric field equation and

the real part of the dispersion equation from Equation A.4, and this equation is plotted

in Figure A.2a. This applies to situations when the characteristic dimensions of the

considered metal structures are larger than the electron mean-free path.

ω =
√
ω2
p + c2k2 (A.5)

The bulk values for noble metals can be determined experimentally by reflec-

tion and transmission measurements on clean surfaces under ultrahigh vacuum condi-

tions58. As shown in Figure A.1, although the Drude−Sommerfeld model (Equation

A.3) describes well at low energy values (infrared regime), additional contributions

are present at higher energies (above visible regime). This is because higher energy

photons can promote electrons from deeper bands into the conduction band. This

transition is called the interband excitations. In noble metals, the electrons originate
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from the completely filled d-bands, which are relatively close to the Fermi-energy.

Figure A.1: Dielectric constant of gold. (a) Real part of the dielectric coefficient of gold. (b)

Imaginary part of the dielectric coefficient of gold. Experimental data is compared to the an-

alytical solution from the Drude-Sommerfeld model (Equation A.3). I set ωp = 10 eV, 1/τ =

0.07eV, and ε∞ = 10. The interband contribution (green dotted line) is the difference between

the experimental data and the Drude model. The empirical and calculated results behave sim-

ilarly at lower photon energies but differently at higher photon energies due to the interband

contribution.

A.1.2 SPR at Flat Surface

The electron density oscillations can be bound to the metal-dielectric interfaces,

involving charges in the metal and electromagnetic fields in both media. This bound

electromagnetic waves which travel along a metal/dielectric interface is called sur-

face plasmon polaritons (SPPs). The field intensity in the metal and the dielectric
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medium falls off exponentially in the direction normal to the surface (imaginary k

vector). In the plane of the interface, the electromagnetic field intensity and charge

distribution highly localized within the interface area propagates as a longitudinal

wave along the surface (real k vector). Analytical solution of SPPs can be derived by

solving Maxwell equations with the following boundary conditions of a TM wave.

z > 0

{
Hd = (0,Hyd, 0)e(kxdx+kzdz−ωt)

Ed = (Exd, 0,Ezd)e(kxdx+kzdz−ωt) (A.6)

z < 0

{
Hm = (0,Hym, 0)e(kxmx+kzmz−ωt)

Em = (Exm, 0,Ezm)e(kxmx+kzmz−ωt) (A.7)

The solution of the Maxwell equations satisfying the boundary conditions above

is Equation A.8, and we can derive the dispersion relation of surface plasmons by

solving the boundary solution.


kzd
εd + kzm

εm = 0
kxd = kxm = kx
k2 = εi ωc

2 = k2x + k2zi

(A.8)

kx =
ω
c

√
εmεd

εm + εd
, kzi =

ω
c

√
ε2i

εm + εd
(A.9)

Equation A.9 shows that SPP can exists in a TM wave form at the interface.

Real kx is required for interface waves to propagate along the interface. According

to Equation A.9, this can be fulfilled, if both the sum (εm + εd) and the product (εm · εd)
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of metal and dielectric permittivity are either both positive or both negative. In order

for a bound solution, the normal components of the wave vector (kzi) should be purely

imaginary in both media and thus, exponentially decaying solutions. This can only be

achieved if the sum of the permittivity is negative. From this, we conclude that both

the product and the sum of the permittivity should be negative. Metals, especially no-

ble metals such as gold and silver, have a large negative real part of the dielectric con-

stant along with a small imaginary part. Therefore, at the interface between a noble

metal and a dielectric, localized modes can exist.

Direct excitation of surface plasmons with an electromagnetic wave is not pos-

sible, because the dispersion curve of the surface plasmon does not cross the light

cone at any point (Figure A.2a). For excitation of surface plasmons, a momentum

kick should be provided i.e. by increasing the dielectric constant of the propagation

medium (n1>1) to have higher momentum at the metal/medium interface. The light

line in this case is tilted by a factor of n to ω = ck/n. This situation is shown in Fig-

ure A.2a, which shows the surface plamon dispersion with the original free-space

light line and the tilted light line in glass. As shown in Figure A.2b, Kretschmann

configuration is often used to excite surface plasmon polariton. A thin metal film is

deposited on top of a prism. To excite a surface plasmon at the metal/air interface,

an evanescent created at the glass/metal interface has to penetrate through the metal

layer. When an EM wave is propagating in a dielectric and is made incident on the

metal film, some light is reflected back into the dielectric whereas the other propa-
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gates in the metal parallel to the interface. This EM wave decays exponentially in the

direction perpendicular to the interface and forms an evanescent wave. By tuning the

angle of incidence of the totally reflected beam inside the prism, the resonance con-

dition for excitation of surface plasmon resonance, the matching of the parallel wave

vector component, can be fulfilled (yellow star point in Figure A.2a). Only the low

energy branch of the surface plasmon polariton corresponds to a true interface wave,

because the interband contribution and the imaginary part of dielectric function in-

creases at high energy branch (Figure A.1).

The SPP excitation will show up as a minimum in the reflected light. The reflec-

tivity is a function of the angle of incidence and the metal thickness (Figure A.2c)69.

SPP will be strongly damped into the glass when metal is too thin, while SPP can

no longer be efficiently excited due to metal film absorption when the metal film is

too thick. The distinct resonance condition associated with the SPP excitation can

be used for various sensor applications, because the resonance is sensitive to the re-

fractive index of the medium on the opposite side of the film from the reflected light.

For example, the position of the dip in the reflectivity curves can be used to measure

adsorption or removal of target materials on the metal surface at submonolayer ac-

curacy. As shown in Figure A.2d, COMSOL simultaion result demonstrated that a

3nm uniform coating of water leads to a measurable change in the surface plasmon

resonance peak. This technique is commercialized51 and commonly used to detect

chemical binding/unbinding kinetics61.

98



APPENDIX A. THEORETICAL BACKGROUND

Figure A.2: Excitation of surface plasmons in the Kretschmann configuration. (a) Plasmon

dispersion relation for a metal/air interface. Since the dispersion line of plasmons (red line

without damping, blue line for free electrons) does not cross the light cone (green line) at any

point, it is not possible to excite a surface plasmon at a metal/air interface with a light wave.

Yet the light cone can be tilted (dotted green line) if we change from free space to a dielec-

tric medium. At yellow star point, the evanescent wave from the prism will efficiently couple

to the surface plasmon mode bound at the top of the gold surface. (b) Kretschmann configu-

ration for excitation of SPP at the top of the gold surface. (c) The reflectivity of the exciting

beam vs. the incident angle and for silver film thickness. The wavelength is fixed to 546.1

nm. The optimal thickness for efficient coupling to surface plasmon mode is roughly between

490 nm and 600 nm. (c) is excerpted from the Kretschmann’s paper69. (d) Shift of surface

plasmon resonance peak due to the surface absorption. The peak is calculated for absorption

of a 3nm layer of water (n=1.33) in air (n=1), which leads a measurable peak shift. SPR shifts

from black to red curve.
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A.1.3 Localized SPR (LSPR) of Nanoparticles

The parallel components of the wavevector (kx) necessary for surface plamon

excitation are also present in subwavelength confined modes near subwavelength

apertures or metallic particles48. If such confined fields are brought close enough

to a suitable interface, these nanostructures feature localized surface plasmon reso-

nance (LSPR), the non-propagating excitation of the conduction electrons of a metal-

lic nanostructure coupled to an EM field. Upon illumination, a nanoparticle both ab-

sorbs and scatters light, which leads to attenuation of the incident electromagnetic

wave. We first assume the quasi-static approximation that neglects retardation effects:

all points of an object respond simultaneously to an excitation field. This approxima-

tion is valid only if the size of the object is much smaller than the wavelength of light

(Rayleigh particle, a ≪ λ).

Let’s consider a dielectric with N number of particles per unit volume in an ex-

ternal electric field E. The total field inside a single spherical particle in the dielectric

can be approximated by E⃗total = E⃗+P⃗/(3ε0), where P⃗ is the sum of the induced dipoles.

Equations for the total dipole moment (P⃗, Equation A.10), for the induced dipole of

an individual particle (⃗pi, Equation A.11), and for their relationship (Equation A.12)

are the following.

P⃗ = ε0(εr − 1)E⃗ (A.10)
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p⃗i = αE⃗total = α(E⃗+
P⃗
3ε0

) = αE⃗(
εr + 2
3

) (A.11)

P⃗ = Np⃗i = NαE⃗(
εr + 2
3

) (A.12)

Clausius-Mossotti relation (Equation A.13) for spherical particles can be derived by

combining Equation A.10 and A.12.

→ α = 3V · εr − 1
εr + 2

(A.13)

where V is the volume of the sphere and εr = ε′r + iε′′r is the relative dielectric constant

of the particle. This expression is applicable only to the Rayleigh particle where the

quasi-static approximation is applied and the nanoparticle acts as an electric dipole.

The scattering and absorption cross-sections are129,18

σscatt =
8π
3
k4 |α|2 = 8π

3
k4a6 · (ε

′
r − 1)2 + ε′′2r

(ε′r + 2)2 + ε′′2r
(A.14)

σabs = 4πkℜ(iα) = 4πka3 · (ε
′
r − 1)2 + ε′′2r

(ε′r + 2)2 + ε′′2r
(A.15)

where k = 2π/λ, and a is the radius of the spherical particle. We can conclude that

the analytical solution of the cross-sections show that LSPR happens when the real

part of the relative permittivity is -2 (ε′r = −2). For free Rayleigh particles in vacuum,

resonance energies are calculated to be 3.48 eV for silver (near UV) and 2.6 eV for

gold (blue)111.
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For larger particles similar or larger than the incident wavelength (a ≥ λ), the

phase of the driving field significantly changes over the particle volume, and the

quasi-static approximation no more holds true. Mie theory involves a more rigor-

ous electrodynamics approach to describe the scattering process of a small particle63.

Maxwell’s equations are solved in spherical coordinates through separation of vari-

ables. The incident plane wave is expanded in Legendre polynomials, and the solu-

tions inside and outside the sphere can be matched at the boundary. Bessel and Han-

kel functions are used in the complex expression for simplification. The scattering

cross-section is18

σscatt =
1
2k2

(i1 + i2)

i1 =
∣∣∣∑∞

n=1
2n+1
n(n+1) [anπncosθ + bnτncosθ]

∣∣∣2
i2 =

∣∣∣∑∞
n=1

2n+1
n(n+1) [anτncosθ + bnπncosθ]

∣∣∣2 (A.16)

where πn and τn are Legendre polynomials, and an and bn are Bessel and Hankel func-

tions. Equation A.16 can be algebraically solved using the tabulated bulk values for

the nanoparticle111. The scattering and absorption cross-sections were calculated for

a 100 nm gold nanosphere in air (Figure A.3a). The extinction cross-section, the sum

of scattering and absorption cross-sections, showed a resonance feature at 522 nm,

which is called localized surface plasmon resonance (LSPR). The peak and band-

width of the cross-section resonance could be tuned by changing the size, the aspect

ratio and by changing refractive index of the surrounding medium111. As shown in
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Figure A.3b, even the slightest change in the dielectric surrounding led to a detectable

shift of the resonance energy. That is the reason why metallic nanoparticles are very

suitable for sensing applications. Placing a molecule in the vicinity of a nanoparticle

effects the dielectric environment and therefore shifts the plasmon peak. Biosensing

is one of the major applications for plasmonic nanoparticles94,139,145,77,52. We used

this localized surface plasmon resonance (LSPR) properties of gold nanorods to use it

as an interacellular sensor for label-free biomarkers.

Figure A.3: Localized Surface Plasmon Resonance (LSPR) of nanoparticles. (a) Extinc-

tion, absorption and scattering cross-sections (Cext, Cabs, Csca, respectively) of a 100nm gold

sphere in air. The cross sections are calculated with the Mie theory using the dielectric func-

tion values for gold58. (b) Resonance wavelength for a 100 nm gold nanosphere embedded

in water (n=1.33) vs. increasing thickness of a layer with refractive index n=1.5. Blue dotted

line is the resonance wavelength for an infinite layer thickness (homogenous refractive index

change).
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A.2 Microcanteliver

A mechanical FTP can be simplified as a cylindrical cantilever beam with its

one end bound to a fixed support. This beam is assumed to have constant stiffness

and mass density along the shaft, and is subjected to free vibration. Euler-Lagrange

equation for beams, or the undamped equation of motion for beams without load, can

be written as85

d2

dx2
{EI(x)d

2Y(x)
dx2

} = ω2m(x)Y(x) (A.17)

where E is the modulus of rigidity of beam material, I is the moment of inertia of the

beam cross-section, x is the distance from the fixed end, Y(x) is the displacement in y

direction at x in x direction, ω is the natural frequency, m is the mass per unit length,

and ρ is the material density where m(x) = ρA(x). For a uniform beam under free

vibration, Equation A.17 can be simplified as

d4Y(x)
dx4

− β4Y(x) = 0, where β4 =
mω2

EI
(A.18)

For a cantilever with a fixed end, the displacement and slope are zero at the fixed

end, while the moment and shear are zero at the free end. Thus, the boundary condi-

tions for a cantilever beam is following.
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{
at x = 0, Y(x) = 0, Y′(x) = 0
at x = l, Y′′(x) = 0, Y′′′(x) = 0

(A.19)

The solution (mode shape) of a motion equation meeting the boundary condi-

tions is given as35

cos(βnL)cosh(βnL) = 1, where n = 1, 2, 3, ...,∞ (A.20)

→



β1L = 1.8751

β2L = 4.6941

β3L = 7.8548

β4L = 10.9955

(A.21)

The natural frequencies fn for transverse vibration of a uniform beam can be

written as

fn =
ωn
2π

=
(βnL)2

2π

√
EI
mL4

(A.22)

Tabulated values for a micro-size cylinder similar to the end-portion nanowire at

a mechanical FTP are following.

L = 5 · 10−4 m Length of nanowire

D = 6 · 10−7 m Cross-section diameter of nanowire
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E = 7.31 · 1010 N/m2 Young’s modulus of silica

ρ = 2203 kg/m3 Density of silica

ν = 0.17 Poisson’s ratio of silica

A = 2.83 · 10−13 m2 Cross-section of a cylinderical nanowire (=πD2/4)

m = 6.23 · 10−10 kg/m Mass per unit length of nanowire (=ρA)

I = 6.36 · 10−27 m4 Moment of inertia of the beam cross-section (=πD4/64)

Given Equation A.22 for mode frequency and numbers for the variables, the nat-

ural frequencies of the free vibration can be analytically obtained.

→



f1 = 12.1 kHz

f2 = 75.8 kHz

f3 = 212 kHz

f4 = 416 kHz

(A.23)

This analytical results roughly matches in dimensions with the resonance fre-

quency calculated via COMSOL multiphysics software (Figure 4.7). The discrepancy

arises because the actual end-portion of the mechanical FTP is not a perfect cylinder

but a tapered nanowire that linearly tapers from roughly 2 μm to 400 nm in diameter.

A mechanical FTP can be coated with sensitive materials to detect specific tar-

geted analytes. Coating on the FTP surface produces nonlinearity on stiffness and

damping, which makes the analytical modeling of coated composite structure chal-

lenging115. We used COMSOL to calculate the resonance frequency shift and the

106



APPENDIX A. THEORETICAL BACKGROUND

required Q factor to measure due to the protein adsorption on the cantilever surface.

Q factor describes how under-damped a resonator is and characterizes a resonator’s

bandwidth relative to its center frequency. Higher Q indicates a lower rate of energy

loss relative to the stored energy of the resonator and the sharper resonance peak.

The smaller required Q factor is favorable, because the detection resolution can be

achieved even with the broader resonance. We simulated the vibration modes of a

end-portion nanowire with 400 nm in ending diameter, 2 μm in starting diameter, and

400 μm in length (Figure A.4). Assuming the adsorbate as the protein which has 3 x

3 nm size and 60 kDa of the molecular weight, the monolayer adsorbate density was

roughly 1 · 10−5 kg/m2. As shown in Figure A.4a, as the adsorbate density increases,

the induced mechanical resonance shift increases proportionally and then saturates.

The red vertical line indicates the standard saturation density, and we need at least Q

of 100 for every modes (Figure A.4b). As shown in Figure A.4c and A.4d, the Q fac-

tor remains constant as the length varies, but the Q factor increases as the diameter

increases due to the increased effective spring constant and the decreased mechanical

resonance shift. Thus, it is optimal to fabricate the nanowire as thin as possible.
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Figure A.4: COMSOL simulation result on protein adsorption on the surface of a mechanical

FTP. Its end-portion nanowire has the taper diameter at the top = 400 nm, at the bottom = 2

μm, and the taper length = 400 μm (top). (a) Resonant frequency shift vs. adsorption mass

density. Different color curves mean different vibration modes (red; lower, blue; higher or-

der mode). Orthogonal red line against the x axis means the standard saturation density (=

1 · 10−5 kg/m2). (b) Required mechanical Q factor vs. adsorbed mass density. From this, we

need at least Q of 100 to measure the saturated protein adsorption. (c) Required Q factor vs.

end-portion nanowire length plot. (d) Required Q factor vs. end-portion nanowire diameter

plot. Diameter betters be as small as possible for sensitive detection, because the required Q

factor increases as the diameter increases.
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A.3 Optical Trapping Force

Given an optical fiber tip with a metasurface that can focus light with high nu-

merical aperture, we need to calculate if the gradient force acting on a nanoparticle

when illuminated by a laser beam is large enough to trap a particle. As discussed in

Section 4.1, optical response of a nanostructure can be often modeled as a collection

of dipoles. For larger particles with a ∼ λ where quasi-static approximation to parti-

cles holds true, the retardation effects are considered by an expansion of the first TM

mode of Mie’s formulation, which provides an analytical formula for the complex

polarizability of a spherical metal nanoparticle (α = α′ + iα′′)71.

αMie =
1− (1/10)(εm(ω) + εd)x2 + O(x4)

1
3 +

εd
εm(ω)−εd

− 1
30(εm(ω) + 10εd)x2 − i 4π

2ε3/2d
3

V
λ3 + O(x4)

V (A.24)

where x = 2πa/λ, εd is the dielectric constant of the medium, and εm(ω) is the dielec-

tric constant of the metal particle. The real (α′) and imaginary (α′′) parts of the polar-

izability are calculated from Equation A.13 for Rayleigh particle and from Equation

A.24 for 100 nm gold nanoparticle and permittivity from Johnson and Christy’s pa-

per58. As expected, both real and imaginary parts of the polarizability peak near the

LSPR wavelength of gold spherical nanoparticle (Figure A.5a). As shown in Figure
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A.5b, the scattering and absorption cross-sections could be calculated from Equation

A.14 and A.15 for Rayleigh particles. Both cross-sections show resonance features

at roughly 540 nm. This resonance peak is called localized surface plasmon reso-

nance (LSPR). For a dipolar particle with dimensions a ∼ λ irradiated by an arbitrary

monochromatic EM wave, the time averaged radiation-induced forces that are acting

on this dipole is the following127.

F⃗ =
1
4
ε0εα′∇

(
E⃗ · E⃗

)
+
1
2
ε0εα′′Im

(∑
l

E⃗l · ∇E⃗l

)
= F⃗grad + F⃗scatt (A.25)

The gradient force originates from the gradient of the intensity profile of the in-

cident laser and is proportional to the real part of polarizability (α′), and the scattering

force is proportional to the imaginary part of polarizability (α′′). A tightly focused

laser beam at the focus is required to trap a particle accelerated by the gradient force

towards intensity maxima of the radiation field. On the other hand, scattering force

represents the momentum transfer from the external radiation field due to the extinc-

tion of nanoparticle, and pushes the nanoparticle out of the trap. F⃗grad ≫ F⃗scatt is re-

quired for stable trapping. The analytical solution for the radial and z-components

of the gradient and scattering forces can be obtained2. Illumination with an inci-

dent laser off-resonance (1064 nm) from localized surface plasmon resonance (532

nm) will minimize the scattering force and allow stable trapping. This is because
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α′′ is largest at resonance wavelength and results in the large scattering force (532

nm), while α′′ decays sharper than α′ and results in dominating radiation force at off-

resonance (1064 nm).



Fr
grad(r, z) = − 2ε0

π α′
∣∣∣E⃗0∣∣∣2 rω2

0
ω4 exp

[
− 2r2

ω2

]
Fz
grad(r, z) = − ε0

π α
′
∣∣∣E⃗0∣∣∣2 zω2

0
z20

(
1
ω4 − 2r2

ω6

)
exp

[
− 2r2

ω2

]
Fr
scatt(r, z) =

ε0
π α

′′
∣∣∣E⃗0∣∣∣2 rω2

0
ω4

k
Rexp

[
− 2r2

ω2

]
Fz
scatt(r, z) =

ε0
π α

′′
∣∣∣E⃗0∣∣∣2 zω2

0
ω2

[
k− kr2(z2−z20)

2(z2+z20)
− ω2

0
z0ω2

]
exp

[
− 2r2

ω2

]
(A.26)

where ω0 = λ/(NA · π) and z0 = πω2
0
√εd/λ. The optical gradient forces experienced by

nanoparticles are typically very weak, because the polarizability scales with the third

power of the particle size (Equation A.13 and A.24). To confine nanoparticle against

the destabilizing effects of thermal fluctuation, a significant optical power may be re-

quired: 15 mW for 100nm sphere and 1.5W for 10nm sphere silica in water13. How-

ever, since the free-electron plasma yields a large near-infrared (NIR) polarizabil-

ity and a large effective spring constant in Drude-Sommerfeld model116, 35nm gold

nanoparticles can be trapped at much lower power (3.5 mW) in water86. Elongated

plasmonic nanostructures such as gold nanorods can sustain plasmon resonances in a

broad spectral region in the visible/NIR and results in even stronger trapping, radia-

tion forces106,97.
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Figure A.5: Graph of analytical polarizability and cross-sections. (a) Real part and imaginary

part of polarizability from Equation A.24. Both peak in visible range, but only the imaginary

part decays to zero at higher wavelength. (b) Cross-sections from Equation A.14 and A.15 for

Rayleigh particles (a ≪ λ) in air. Extinction ross-sections peak at roughly 540 nm.
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A.4 Statistics in Cell Biology

Many research findings in medical research papers are limited by prevailing

bias, not variability, and thus are false or irreproducible55,98. Biologists often form

conclusions solely on the basis of results statistically significant when evaluated by

a p-value of less than .05, but this is not enough. In order to test the statistical sig-

nificance, the repeats of experiments need to be conducted independently, and the

replicates of experiments with the same sources of variability cannot be used to make

statistical inference130. This section is to provide a basic understanding of statistics

that can be useful to help in monitoring the conduct of experiments, in interpreting

the results, and in presenting them in publications in cell biology field.

Much of today’s research in cell biology require repeated experimentation to sta-

tistically conclude biological significance. Descriptive statistics is used to determine

if the experiments were performed well, and inferential statistics is used to determine

what conclusions and inferences are justified regarding the population, or the actual

data. Descriptive statistics require only replicates to provide quality controls of the

experimental conducts (n=1). Replicates cannot be used to form conclusions, and

inferential statistics require independent repeats of the whole experiment (n > 1) to

make inference on the main experimental questions . Different types of statistics are

summarized in Table A.5.1, where xi is the individual data, m is the sample mean, and
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tn−1 is a critical value of t-statistics.

Statistics Type Formula

Range Descriptive max(xi)− min(xi)

Standard deviation (SD) Descriptive SD =
√∑

i
(xi−m)2
n−1

Standard error (SE) Inferential SE = SD√
n

Confidence interval (CI) Inferential m± tn−1 · SE

Table A.2: Basic properties of common error bars.

Descriptive statistics can be used to show how the data are distributed broadly or

narrowly and can help determining the expected amount of variation. Two exemplary

descriptive statistics are range and standard deviation (SD). The range is defined as

the interval from the lowest sample value to the highest sample value. It is not often

used, because one extreme outlier may define the entire statistical description.

A commonly used descriptive statistic is standard deviation (SD). SDs are cal-

culated by taking square root of average of squared differences between samples and

sample mean (m). In other words, SD is a measure to quantify the amount of variation

or dispersion of sample values from sample mean. The m ± SD interval encompasses

approximately 68% of the data points in normal distribution, regardless of how many

samples there are.

Once cell biologists obtain reasonable SD and are satisfied that the experimental

results are reliable, they can start analyzing the data and measure the accuracy of an

estimate, to draw inferences and test hypotheses they are interested in. Inferential
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statistics can help deciding whether preliminary results are worth repeating. The most

commonly used inferential statistics are standard error (SE) and confidence intervals

(CIs).

Standard error (SE) is referred to as an inferential statistic because it can help

you make inferences from the data. For example, if the data are normally distributed,

you can infer that the population mean (μ) will be within the interval: μis within m2SE

for approximately 68% of the time when n is 3, and approximately 95% when n is 10

or greater. SE is defined as SE = SD/
√
n and varies inversely with the square root of

n, so the more often an experiment is repeated, or the more samples are measured, the

smaller the SE becomes. This allows precise estimate of where the population mean

might lie.

Confidence interval (CI) is another inferential statistics that estimates a propor-

tion that the true value of the parameter (population parameter) will match the given

confidence level. Formally, 95% CI is defined as the interval that the true value of

the parameter is in our confidence interval for 95% times. CIs are calculated by mul-

tiplying the SE by the t-value, which Gosset used to monitor the quality of stout at

the Guinness BreweryṪhis critical t-value varies with n. As shown in Figure A.6a

for 95% CIs, t-value converges to 2 for n=10 or more; it increases for small n, and

for n=3 it is 4. Therefore, 95% CI intervals are roughly m4SE (when n=3) and m2SE

(when n =10 or greater). For example, if a figure shows SE bars, you can double them

in width, to get approximate 95% CIs, as long as n is 10 or more. However, if n=3,
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you need to multiply the SE bars by 4.

We can apply these statistical concepts when plotting Figure 3.7d and A.6b. To

provide quality controls of the conduct of experiments, same FTP was used to mea-

sure same analyte compositions multiple times and produced replicates. We repli-

cated five times by flowing 10nM p53 solution in PBS 1X and flushing with PBS

1X on the same FTP device. Sample mean, SD and SE of LSPR shift were 4.7, 0.53,

0.24 respectively. We tested with different concentrations of p53 on the same de-

vice and proved its robustness to measure reliably (Figure 3.7a and 3.7b). Small SD

and SE proves that we can reliably obtain data in physiological environment. Next,

we repeated the whole experiment independently with different FTPs functional-

ized with different antibodies to make inferential conclusion that FTP demonstrates

well-defined antibody-antigen specificity and tolerance to non-specific bindings. Five

FTPs are used for measurements for each antibody-antigen pair. Since we tested 6

sets of different antibody-antigen pairs, 30 FTPs were experimented in total. In Fig-

ure A.6b, from left to right, red error bar indicates SE, black error indicates SD, and

blue error bar indicates 95% CI (two-tailed t-value = 2.6 for n=5).

The probability value (p-value) in null hypothesis significance testing is the

probability of wrongly rejecting the null hypothesis if it is in fact true. In other words,

a small p-value (≤ .05) indicates strong evidence against the null hypothesis so it is

rejected, and a large p-value (> .05) indicates weak evidence against the null hypoth-

esis so it cannot be rejected. Setting a null hypothesis that there is no difference in
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response to p53 and to TNF-α on anti-p53-functionalized LSPR FTP (ΔLSPRp53 =

ΔLSPRTNF−α), we can obviously reject null hypothesis (p-value < .0001). However,

if the null hypothesis states no difference in response to p53 and to p53+1% BSA on

anti-p53-functionalized LSPR FTP (ΔLSPRp53 = ΔLSPRp53+BSA), we cannot reject null

hypothesis, so the difference in two LSPR shifts may not be significant (p-value >

.05).

In summary, we can use (1) descriptive statistics such as range or standard de-

viation (SD) to monitor the conduct of experiments and to make sure they were per-

formed well and (2) inferential statistics such as standard error (SE) or confidence

interval (CI) to estimate the true parameters (polulation) and determine what conclu-

sions and inferences are justified. Independent repeats of the whole experiment (n >

1), not simple replicates, is required to apply statistical inference. 95% CI intervals

are roughly m± 2SE when n=10 or greater, and thus at least n > 10 is preferred to base

conclusions on statistical grounds.
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Figure A.6: Proper use of descriptive and inferential error bars. (a) T-value vs. degree of

freedom (dof) at different two-tailed significance levels. For all significance levels, t-value

decreases as dof increases. (b) Different sets of error bars for specificity test of LSP-FTP sen-

sor (Figure 3.7d). SE (red), SD (black), and 95% CI (blue) are shown for all antibody-antigen

pairs each repeated for 5 times. T-value is 2.6 at n=5, and
√
5 is 2.2. According to the equa-

tions in Table A.2, SD is roughly 2.2 · SE and 95% CI is 2.6 · SE.
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