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中文摘要
具中孔洞的二氧化矽奈米粒子作為平台可有效地運輸酵素抵達受損的組織，
因酵素裝載在此多功能的中孔洞二氧化矽奈米粒子裡，能夠增加在血液中的循環
時間、有更精準的標靶能力以及保護酵素免於免疫反應的發生。在這個研究裡，此
中孔洞的二氧化矽奈米粒子被修飾上兩個酸鹼值靈敏的螢光染劑，分別是
fluorescein isothiocyanate (FITC, pKa = 6.7)和 oregon green succinimidyl ester (OG,
pKa = 4.8)，以及一個參考染劑為 rhodamine B isothiocyanate (RITC)，使其成為一個
pH 值感測器並具有一個寬廣的酸鹼值偵測範圍 (pH = 4.2 ─ 7.4)，因此我們可以利
用單一粒子追蹤的顯微技術來做酸鹼值的即時偵測，藉此提供一個新穎的方式來
辨識此中孔洞二氧化矽奈米粒子在活細胞中的位置。在另一方面，此具有酸鹼值感
測能力的中孔洞二氧化矽奈米粒子被修飾上具有溶小體 標靶能力的胜肽鏈
(YXXØ )可作為酵素取代治療的生醫應用，我們展示了酸鹼值感測的中孔洞二氧化
矽奈米粒子對於細胞環境 pH 值的即時傳訊是一個有用的技術來評估其在活細胞中
的移動途徑，而藉著 YXXØ 胜肽的功能，此連接著 YXXØ 的中孔洞二氧化矽奈米
粒子確實能夠到達溶小體，相較於裸露的中孔洞二氧化矽奈米粒子幾乎只累積在
細胞質的環境。酵素取代治療已經在臨床上被使用來治療溶小體囤積症，然而目前
為止，仍然有許多的問題尚待解決，其中像是造成各種副作用的免疫反應以及不佳
的治療效果等等，因此具有溶小體標靶能力的中孔洞二氧化矽奈米粒子將會是一
個有潛力的奈米載體作為改善酵素取代治療對於溶小體囤積症的效果。

關鍵字:中孔洞二氧化矽奈米粒子、酸鹼值感測器、三維空間單一粒子追蹤、溶小
體標靶、溶小體囤積症
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Abstract
Mesoporous silica nanoparticles (MSNs) as a platform can efficiently transport
enzymes to the impaired tissues because enzymes loaded in multiple functional MSNs
can increase the circulation time in blood, have more precisely targeting ability and
protect them from some immune reaction. In this study, MSNs were made as a pH
nanosensor which has a broad pH-sensing range from 4.2 to 7.4 by conjugating two pHsensitive fluorescent dyes, fluorescein isothiocyanate (FITC, pKa=6.7) and oregon green
succinimidyl ester (OG, pKa=4.8), and a referent dye, rhodamine B isothiocyanate (RITC)
onto MSNs. So we can provide a novel method to identify the localization of the MSNs
in living cells with real-time pH detection by single particle tracking microscope
technique. In the other hand, the pH-sensing MSNs were modified with lysosomal sorting
peptides (YXXØ ) which can target lysosomes for potential enzyme replacement therapy.
We showed that the real-time signaling of the environment pH values from the pH-sensing
MSNs is a useful technique for evaluating the pathway of them in living cells, and the
specific peptide-conjugated MSNs were indeed delivered into lysosomes by the function
of the YXXØ sequences. Enzyme replacement therapy has been used clinically for
treating lysosomal storage diseases. However there are still many problems such as
immune reaction causing much side-effect need to be solved. So the lysosome-targeting
MSNs will be a promising nanocarrier for improving the enzyme replacement therapy to
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lysosomal storage disease.

Keywords: mesoporous silica nanoparticles、pH sensor、3D single particle tracking、
lysosome targeting 、lysosomal storage disease
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Chapter 1 General Introduction

Intracellular pH homeostasis plays a pivotal role in various cellular processes such
as endocytosis1, drug resistance2, cellular metabolism, cellular signaling, and cell
proliferation and apoptosis.3 In eukaryotic cells, the subcellular organelles are highly
compartmentalized for maintaining the specific pH values or function; for example,
lysosomes responsible for digestion processes have low pH values of 4─5.5 for activating
enzymes or denature proteins.4 Abnormal pH values are often associated with cell
dysfunction and can be observed in some diseases including cancer5, Alzheimer’s
disease6, and others. On the other hand, the real-time pH-sensing of nanoparticles in
endosome-lysosome pathway is also highly significant to design pH-sensitive drug
delivery systems.7 Thus, quantification of pH values and their fluctuation measured by a
nanosensor in living cells is very potential for understanding physiological and
pathological process, and even the special carrier design.
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1.1

Measuring Intracellular pH by Fluorescence
It has been known that measurement of intracellular pH has variety of techniques

including nuclear magnetic resonance (NMR), absorbance spectroscopy, protonpermeable microelectrodes, and fluorescence imaging.8 Compared to other methods,
fluorescence-based techniques provide a more powerful tool for pH-sensing in intact cells
and subcellular regions, owing to their high sensitivity, outstanding spatial and temporal
resolution, and noninvasive feature.4 In particular, ratiometric measurement by detecting
fluorescence signals from two (or more) excitation or emission wavelengths of a pH
sensor can overcome the influence of fluctuation in the local probe concentration,
allowing reliable and accurate pH sensing.9
To detect the intracellular pH, a great amount of ratiometric fluorescence-based pH
nanosensors including quantum dot10, polymetric nanoparticle11, gold nanoparticle12,
nanogel13, Metal-organic framework14 and MSN15 have been reported in recent year.
Wenbin Lin et al.14 (Figure 1.1) developed a nanoscale metal-organic frameworks
(NMOFs) for ratiometric pH-sensing in living cells by covalently conjugating fluorescein
isothiocyanate (FITC) onto UiO NMOF. The pH-response of F-UiO exhibits the sensitive
dynamic range at pH = 5.0 ─ 7.0 depending on the pKa of the FITC. Gang Bao et al.10
(Figure 1.2) developed the pH nanosensor comprising a bright and photostable
semiconductor quantum dot (QD) and GEP-like FPs exhibits a Förster resonance energy
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transfer (FRET) effect and enables ratiometric measurement. The FRET pairs give
heightened sensitivity by eliciting opposing changes in fluorescence emission at two
wavelengths between pH 6 and 8.

a)

b)

c)

d)

e)

f)

Figure 1.1. Schematic presentation of F-UiO synthesis. (b) Correlation between FITC
absorbance and fluorescence at various FITC loadings. (c-e) pH-calibration curves of free
FITC (c) and F-UiO acquired by fluorimetry (d) and by confocal laser scanning
microscopy (e). 488/435 in the Y-axis represents I488/520/I435/520. (F) CLSM images
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showing the overlay of green (488 nm excitation) and red (435 nm excitation) colors of
F-UiO particles in HBSS buffers with different pHvalues.14

Figure 1.2. QD-FP FRET-based pH sensor. (a) Schematic demonstration of the pHdependent energy transfer between the quantum dot and fluorescent protein. In an acidic
environment, energy transfer to the FP FRET acceptor is minimal, yielding a high QD
signal; at neutral or basic pH, energy transfer is more efficient, producing an enhanced
FRET signal. (b) Absorbance spectroscopy indicates multiple proteins bound to each QD,
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as depicted in the inset. (c and d) Titration of QD-FP probes containg the FP acceptors
mOrange and mOrange M163K, respectively, showing increased energy transfer at
alkaline pHs with clear isosbestic points. Representative spectra of one of three
independent titrations are shown. (e) The ratio of acceptor emission to donor emission
increases with increasing pH for both probes. Data points are means ± standard deviations
for three independent titration. (f) The changes in the nanoprobe acceptor to donor ratios
are compared to the ratiometric signal change for the pH-sensitive fluorophore BCECF.
One representative titration is shown.10

However, a precise pH measurement in the endosome-lysosome region by using
ratiometric fluorescence-based pH nanosensors is often not well accomplished because
the nanosensors usually only have a narrow dynamic range.7 The limitation of the pH
sensing range results from the acid dissociation constant (Ka) of the pH-sensitive
fluorescence molecules, which exhibit a sigmoidal calibration curve in a pH range of the
pKa±1, as a rule of thumb, with a nonlinear relationship between fluorescence ratio and
pH. In several studies about endosome-lysosome system,16 the nanosensors with a
maximum range of two pH units often detect the pH out of the range of the sensors since
the pH variation has more than 2 pH units between early endosomes and lysosomes. The
result probably give misleading information and misinterpretation to the localization of
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the sensors in the living cell. Thus, developing a broad dynamic range of pH sensing is
very important for the research of the endosome-lysosome system. Here we focus on
developing the necessary features of the nanosensor such as good suspension, high
brightness and a broad pH-sensitive range for biomedical application with a 3D-single
particle tracing (SPT) microscopy technique.

1.2

Broadening the Sensing Range of Nano-Sized pH sensor
The pH-sensing ability of nanosensors reported in mostly former literatures is

usually limited since the pH value in some systems of living cells may falls outside the
limitation of the dynamic range and the read out nearing the limit is very reliable. For
improving the capacity of pH probe, novel designs of the nanosensors have been reported.
To break through the limitation of the dynamic measurement range, the triple-labeled
cross-linked polyacrylamide nanoparticles have been designed7. The triple-labeled
nanosensors were conjugated with two pH-sensitive dyes, fluorescein and Oregon Green,
and the pH-insensitive rhodamine B. The pKa values of Oregon Green (OG) and
fluorescein (FS) are 4.1 and 6.0, respectively. The mixing of the two dyes with different
pKa gives a doubling of the measurement pH range about 3.2-7.0 in comparison to
nanosensors with only one pH-sensitive fluorophore. The results are showed in Figure
1.3.7
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Figure 1.3. Schematic of the cross-linked poly acrylamide nanoparticle. (b) In vitro
calibration of the triple-labeled sensor with both OG and FS, and two dual-labeled sensors
with either OG or FS. (c) Uptake of the triple-labeled sensor by a HepG2 cell after 24h
and washing and imaged with confocal microscopy. Scale bar = 10µm. OG = Oregon
Green; FS = fluorescein.7

1.3

Fluorescence Microscopy with 3D-Single Particle

Tracking Technique
Fluorescence microscopy is a powerful and common tool to collect cellular
information, such as the intracellular pH values, which is difficult to be detected using
conventional approaches. For continuous intracellular pH monitoring, three dimensional
(3D) single-particle tracking (SPT) spectroscopy is needed. 3D-SPT spectroscopy can
record the motion of individual particles in a complex system.17 It has been applied for
visualization of membrane dynamics,18 following protein traffic in living cells,19
evaluating the local viscosity conditions within the cells,20 and early stage of cellular
7
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uptake of nanoparticles.21 Two common 3D-SPT methods are categorized into active
(confocal feedback-based methods)19-20,

22

or passive (wide field imaging based

techniques)23 tracking techniques. The active method is a sophisticated technique
equipped with active feedback in x-y-z directions, and it requires higher cost and can only
focus on a single target at one time (Figure 1.4).22c In contrast, the passive technique
allows multiple single probes be detected simultaneously unless the emitters diffuse out
of the stationary detection region, which is about 1 µm in the z-axis around the focal plane
(Figure 1.5).23d Considering the potential of widespread applications, the passive 3D-SPT
technique is chosen to perform the 3D tracking of a nanoparticle, and the pH sensing.
In this work, the nanoparticles equipped with ratiometric pH sensing and imaging
ability is prepared by co-conjugating with the pH sensitive dyes, fluorescein
isothiocyanate (FITC) and Oregon Green® 488 (OG), and the reference dye, rhodamine
B isothiocyanate (RITC), into the MSNs. The 3D-SPT microscope combined with the
pH-sensing MSNs would be a powerful technique to the biomedical application. Here we
report the simultaneous real-time detection of the 3D trajectory of the pH sensors and the
local pH values in HeLa cells is a novel method for the evaluation of the traffic pathways
of the nanoparticles with the special surface modification. The transportation of the pH
sensors between endocytosis and cytoplasm has the significant pH variation, which is a
crucial information for the design of the particular drug delivery system.
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Figure 1.4. Schematic of the confocal 3-D tracking microscope optical configuration.
The fiber optic pairs are configured to form a 3-D tetrahedron-like detection volume in
sample space.22c

9

doi:10.6342/NTU201601239

Figure 1.5. The scheme of 3D STORM. (A) Three-dimensional localization of individual
fluorophores. The simplified optical diagram illustrates the principle of determining the
z coordinate of a fluorescent object from the ellipticity of its image by introducing a
cylindrical lens into the imaging path. The right panel shows images of a fluorophore at
various z positions. EMCCD, electron-multiplying charge-coupled device. (B)
Calibration curve of image widths Wx and Wy as a function of z obtained from single
Alexa 647 molecules. Each data point represents the average value obtained from six
molecules. The data were fit to a defocusing function (red curve).23d
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1.4

Introduction to Mesoporous Silica Nanoparticles (MSNs)
Based on the combination of sol-gel chemistry and liquid-crystalline templating

technique, mesoporous silica was discovered and named as MCM-41 (Mobil Crystalline
Materials number 41) by researchers at Mobil Oil Corporation in the early 1990s.24 Since
then, a massive study has been devoted to the synthesis of mesoporous silica nanoparticles
with multiple features and functions.25 The multi-functional mesoporous silica materials
with controlled morphologies,26 particle size,27 and excellent thermal stability28 have
received tremendous attention because of their unique physicochemical properties such
as large surface area, uniform pore size, available for further modification of diverse
functional groups, and good biocompatibility.29 In the past few decades, the more
mesoporous silica materials (M41S family) were fabricated based on the concept of the
formation of MCM-41, and the discovery of MCM-41 is believed to the starting point of
ordered-mesoporous-material research. The members of M41S include MCM-41
(hexagonal phase), MCM-48 (cubic phase), and MCM-50 (lamellar phase)30. The
structures are shown in Figure1.6.
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Figure 1.6. Structures of mesoporous M41S materials: (a) MCM-41 (2D hexagonal,
space group p6mm), (b) MCM-48 (cubic, space group Ia3d), and (c) MCM-50 (lamellar,
space group p2).30

1.4.1 Synthesis Mechanism of MSNs
In order to explain the construction of MCM-41, the‘liquid-crystal templating’
(LCT) mechanism based on the similarity between the mesostructure of lyotropic liquid
crystals from surfactant assemblies and the structures of M41S materials was suggested
by Beck24, 31. There are two main general pathways in this mechanism, in which either (i)
the liquid-crystal phase pre-exists before the silicate species are added or (ii) the addition
of the silicate anions promotes the long-range ordering of the surfactant to form the
hexagonal arrangement (Figure 1.7).30
The synthesis of mono-disperse MSNs is based on the method which was developed
by Mou and co-workers with the separation of nuclei formation and particle growth into
two steps in a dilute alkaline solution.32 The method can be realized in a LaMer diagram
of concentration variation during nucleation and growth. In the first step (step (A), Figure
12

doi:10.6342/NTU201601239

1.8), the full amount of surfactant (CTAB) and a small amount of TEOS are mixed to
create a clear solution of micelle/silicate clusters containing nuclei. Then, a larger amount
of TEOS is added to start the growth process without further nucleation (step (B), Figure
1.8). Eventually, with the accelerating of the growth process, the materials are exhausted
and a uniform finite size is formed.33
In addition, the size of the MSNs can be modulated by controlling the pH (10.86 ─
11.52) of the reaction solution (Figure 1.9).34 A lower pH provided a smaller size of MSN
due to the increased condensation rate and thus more nuclei (Figure 2.0).34

Figure 1.7. Formation of mesoporous materials by structure-directing agent: (a) true
liquid-crystal template mechanism, (b) cooperative liquid-crystal template mechanism.30
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Figure 1.8. Schematic illustration for the synthesis and selective functionalization of
MSNs.33

Figure 1.9. TEM images of mesoporous silica with different average sizes: (a) 280 nm;
inset: FFT analysis of the TEM image; (b) 170, (c) 110, (d) 50, (e) 30 nm. (f) Highresolution TEM image of a single particle in (c).34
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Figure 1.10. Effect of pH value on the silica condensation rate, charge properties and
charge density on the surface of the silica species.34

1.4.2

Applications of MSNs

The MSNs have been utilized to many application like drug/enzyme delivery, 25b, 35
imaging32,

36

and pH sensing.15 Generally, chemical functionalized MSNs were

synthesized by one-step or two-step method: (i) co-condensation reaction and (ii) postsynthetic grafting process, both of which are schemed in Figure 1.11.37 In cocondensation reaction, the functional silane is mixed with silicate precursor and added to
the surfactant-contained basic aqueous solution. As the result the functional silane will be
either confined in the structure or grafted on the surface of MSNs. On the other hand in
post-synthetic grafting method, the functional silane is added after the surfactant of the
as-synthesized MSN is removed. Due to the densely distributed silanol groups on the
surface of the MSNs, the functional silane or other chemicals can be easily modified on
the wall of channels and/or the external surface.
15
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Figure 1.11. Functionalization of MSNs by co-condensation (top) or the post-synthetic
method (bottom). A trialkoxysilane molecule bearing a functional group (green) is shown
as an example of a silica precursor. The structure-directing agent is represented by
micelles (red).37

The ability to trap and release molecules from MSNs gives the promise in sensor
and drug-delivery applications. Hence various stimuli-responsive controlled release
systems which are able to respond to environmental changes, such as pH value, redox
potential, temperature, photo-irradiation, and biomolecules have been achieved.38 For
example, Feng et al. has introduced a responsive polymer-coated mesoporous silica as a
pH-sensitive nanocarrier, in which a pH-responsive polymer poly(4-vinyl pyridine) is

16

doi:10.6342/NTU201601239

coated on mesoporous silica through the facile post-synthetic grafting method. The
grafted polymer nanoshell can serve as a pH-sensitive valve to control the release of
trapped molecules from mesoporous silica.39 The nanoscale MSNs are suitable for the
cellular uptake and thus the MSNs conjugated with fluorescent molecules can be utilized
as the cell markers.32 Moreover, a fluorescent dye-loaded MSNs can also be used to
measure the local pH value in living cells.40

1.5

Ratiometric pH Sensor based on Mesoporous Silica

Nanoparticles
It has been known the ratiometric pH sensing based on the fluorescent molecules is
a powerful tool in recent years. Moreover, The sensors with the manner of Förster
resonance energy transfer (FRET) are more potential because they have following unique
advantages: (i) they can render dual or multiple emissions under a single-wavelength
excitation, providing more convenient and effective ratiometric detection superior to
those that require two excitation wavelengths and (ii) they give great flexibility for sensor
design by changing the FRET components.15 However, the construction of ratiometric pH
sensors with the application of FRET is still infancy despite the pH monitoring has a great
demand in many fields like medicine, biology and the environment. In the past study,
there are some pH sensors which use FRET between quantum dots (QDs) and analyte
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responsive dye have been reported.10, 41 However, the cytotoxicity of ODs and difficulties
in acquiring modified ODs limit their applications.15
MSNs hold great promise as a platform for the design of a FRET-based ratiometric
pH sensors due to their high stability, large surface areas, tunable pore sizes, abundant
surface functionalization sites and biocompatibility.42 In this study, the MSNs conjugated
with two pH-sensitive dyes, FITC and OG, and one referent dye, RITC, were prepared
by the co-condensation reaction at the ammonia-catalyzed condition. The FITC and OG
on pH sensors can be excited by a single-wavelength (473 nm), and RITC can receive the
energy by the FRET effect. Thus, simultaneously detecting the emissions from the three
fluorescent molecules can be achieved. In addition, the dynamic range of the pH sensing
almost covers the entire physiological environment from pH 4.3 to pH 7.4 by utilizing the
different pKa of FITC and OG. On the other hand, the MSNs modified with PEG have
excellent suspension in medium (DMEM+FBS+P/S) for appropriate biomedical
applications. Therefore, the dyes-conjugated MSNs would be a potential sensors for pH
sensing in living cells.
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1.6

Lysosome-Targeting Nanocarriers for Lysosomal

Storage Disorder Therapy

1.6.1 Introduction to LSD
Lysosomal storage diseases (LSD) comprise about 50 diseases in which the
deficiency of a single lysosomal enzyme results in the progressive accumulation of
undegraded substrates in the lysosomes in cells of most tissues.43 Lysosomal dysfunction
has also been indicated as a significant risk factor for a variety of other disease,44
especially neurodegenerative diseases.45 The pathology related to substrate accumulation
can vary remarkably depending on the specific storage material, where the materials
accumulate, as well as the degree to which the activity of enzymes is compromised.46 The
enzyme activity losing completely or near completely would result in the most severe
pathology, often at the early stage and death in the first few years of life. On the other
hand, the residual activity of some lysosomal enzymes would lead to pathology that is
often not diagnosed until adolescence or later. Although each LSD is individually
somewhat rare, as a group they have an incidence of about 1 per 7,000 to 8,000 live births,
with regional and genetic population variation.47 Some of the most common LSDs, the
affected enzymes, and the accumulated storage products are listed in Table 1.1.46
In the United States, the term “enzyme replacement therapy” (ERT) refer to a
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group of nine commercially available glycoprotein products, each intended to enhance or
replace the activity of a specific endogenous catabolic enzyme within cellular
lysosomes.47 This strategy works is that lysosomal enzymes contain oligosaccharide
residue such as mannose 6-phosphate (M6P) which can bind to cellular receptors like
M6P receptors (M6PR), resulting in internalization of the enzymes by clathrin-mediated
endocytosis and subsequently trafficking to lysosomes.48 However, poor access of
recombinant enzymes to these tissues, the altered M6PR expression in LSDs, and immune
reaction against the injected enzyme reduce the therapy effect.49 Thus, these factor
emphasizes the need for alternative therapeutic options.
A strategy that enhances delivery of lysosomal enzymes is that of loading the
enzymes to nanocarriers which have ability to efficiently target the specific site and
prevent from the attack of the immune system. In order to achieve the purpose, a lysosome
targeting nanoccarier is essential. The MSN is a suitable material to be utilized for
designing the lysosome targeting nanoccariers because of their large surface areas,
mesoporous properties, and simply being modified.
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Table 1.1. Lysosomal storage diseases46

1.6.2 The Trafficking of MSNs in Living Cells
The cell membranes are usually the most important barrier for intracellular drug
delivery. Clear understanding of the pathways for the cellular internalization of MSNs is
a significant for many of its applications in biomedicine and biotechnology. There are
various pathways for internalization of external materials in mammalian cells. In general,
these mechanisms can be divided in two categories: pinocytosis and phagocytosis (Figure
1.12).50 The cells can utilize any of these internalization process depending on the size of
the particles. The cellular uptake of small particles (< 200 ─ 300nm) such as MSNs is
usually involved in endocytosis for the majority of cases.51 The mechanisms of
endocytosis that transport the MSNs into the cells include clathrin-dependent, caveolindependent, receptor-mediated, and clathrin- and caveolin-independent processes (Figure
21
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1.12).50 So far there is no specific endocytic pathways that either MSNs or functionalized
MSNs materials will follow when they are internalized by cells. Hence thorough
understanding and controlling the internalization pathway is of extreme importance in the
development of drug delivery platforms. The endocytic pathways of MSNs with different
functional groups have been studied (Table 1.2).50 In addition to the different
functionalization, the MSNs with various surface charge, shape or size also have effect
on the cellular uptake.50
After the MSNs overcome the cell membrane barrier and enter cells by endocytic
pathways, the series of events can be divided into the following sequence: the MSNs are
first transported to primary endosomes followed by transport to sorting endosomes. And
then, a fraction of MSNs are directed back to the cell exterior through recycling
endosomes, while the remaining fraction is transported to secondary endosomes that fuse
with lysosomes. And then the MSNs escape from the endolysosomes into the cytosolic
compartment (Figure 1.13).50 On the other hand, MSNs with different surface properties
could quickly escape the early-endosomes before they reach the lysosomes. For example,
the effect of the surface charge of MSNs were studied by S.-Y. Lin et al..52 The FITCMSNs with the diameter of 150 nm separately modified with different functional groups
(AP-, GP-, GEGP-, and FAP-) have the different surface charge and 50% effective dose
(ED50) as shown in Table 1.3.52 The results exhibit the more negatively charged FITC-
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and AP-MSNs appear to be able to escape from endosomes within 6 hours, while those
with more positive surface charge, such as GP-, GEGP- and FAP-MSNs, remained
trapped within endosomes (Figure 1.14)52. This behavior demonstrate the more negatively
charged materials have the better Proton Sponge effect or buffering capacity which is
important for the endosome escape.53 The proton sponge effect implies that the weak acid
or basic compounds such as polyethyleneimine (PEI) buffers the protons being pumped
into the lysosomal compartment by the v-ATPase (proton pump). This results in
heightened pump activity, leading to the accumulation of a Cl─ and a water molecule for
each proton that is retained; ultimately, this leads to osmotic rupture of the endosome. 54
The negatively charged MSNs by surface attachment of phosphonate groups (MSN-PP)
and positively charged MSNs by conjugating quaternary ammonium groups (MSN-TA)
to FITC&RITC@MSN were also researched by C.-Y. Mou et al.40 The results suggest the
presence of positively charged MSN-TA in the cytoplasm, but negatively charged MSNPP is probably trapped in the endosome/lysosome analyzed by the pH detection (Figure
1.15) and confocal images (Figure 1.16).40 The MSNs coated with polyethyleneimine
(PEI) for the delivery of siRNA and DNA construct is also reported by Andre E. Nel et
al.54 PEI (10k)-coated MSN (100-130 nm in diameter) is a versatile delivery system that
can facilitate cellular uptake to increase drug delivery payload and also be utilized to
improve nucleic acids delivery into cytoplasm with the proton sponge effect. David
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Oupicky et al. reported the polycation- (PDMAEMA or PDEAEMA) and PEG-coated
mesoporous silica nanoparticles were able to successfully deliver plasmid DNA and
siRNA in cell culture.55 Shi Zhang Qiao et al. also reported that the poly-L-lysinefunctionalized large-pore MSNs with cubic mesostructured have a true potential for
delivery of nucleic acids into HeLa cells for gene therapy applications.56 The effect of
different sizes and surface charge of the naked MSNs on the cellular trafficking were also
studied by Ciro Isidoro et al.57 They found the 10 nm naked MSNs can quickly
accumulate in lysosome in 5 minutes with the almost 98% co-localization, while more
90% of MSNs escaped the lysosomes at 30 minutes (Figure 1.17)57. Moreover, the
increasing size from 10 nm to 50 nm reduces the uptake efficiency of MSNs. The
negatively charged groups (-COOH) impair endocytosis of MSNs regardless of the
presence or absence of caveolin-1 on the plasma membrane, and the 50 nm MSNs
functionalized or not with either COOH or NH2 groups would all enter and reside
permanently in lysosomes (Figure 1.18).57 Shoufa Han et al. reported the internalized
R6G-FITC-MSNs with post modification of PEG (110 nm in diameter, surface charge : 6.76 mV) are site-specifically delivered into lysosomes (Figure 1.19).58 The effect of
spherical mesoporous silica (MS) nano- and microparticles with the treatment of
extraction (E-MS) or calcination (C-MS) on the intracellular localization was also
investigated by Yaping Li et al.59 The results qualitatively indicate the intracellular
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distribution of RhB-labeled MS-1, 2, and 3 particles (190 nm, 420 nm, and 1220 nm) in
lysosomes, but there is a very limited number of the E-MS-3 can enter the MDA-MB-468
cells and locate in lysosomes, compared to the E-MS-1 and E-MS-2 with a much larger
number in lysosomes. However, the behavior of the C-MS is largely different from that
of the E-MS. Only a limited number of C-MS particles can go into cells and accumulate
in lysosomes, even at the particle size of 190 nm (Figure 1.20).59 From the above research,
we found the MSNs reaching the lysosomes involve the various factors such as size, shape,
surface charge, surface functionalization, and even the method of surfactant removing.
Thus, designing a lysosome-targeting MSNs by adjusting these elements is very
ineffective. In this study, we would modify the MSNs with a lysosome targeting peptide.
If the peptide could successfully deliver MSNs into the lysosomes in living cells by a
biological mechanism, that would be a more convenient and effective manner for
targeting lysosomes of nanoparticles.
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Figure 1.12. Pathways of mesoporous silica nanoparticles for entry into cells. Large
particles are internalized by phagocytosis, whereas fluid uptake occurs by
micropinocytosis. In the case of MSN materials, most internalization is via endocytic
pathways. These pathways differ with regard to the nature of the surface functionalization
and structural properties of MSNs.50

Table 1.2. Endocytic pathways for the internalization of MSNs.50
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Figure 1.13.

Intracellular trafficking of mesoporous silica nanoparticles. (a) MSNs are

wrapped through specific (ligand-receptor) and nonspecific (hydrophobic, Coulombic)
binding interaction. (b) Once the MSNs are internalized, depending on the endocytic
pathway, it can be delivered to intermediate compartments (e.g., caveosomes). (c) Later
these compartments are transported to early endosomes and then to sorting endosomes.
From sorting endosomes, a fraction of the MSNs are sorted back to the cell exterior
through recycling endosomes (not shown in the scheme). (d) The remaining fraction is
transported to secondary endosomes, (e) which then fuse with lysosomes. (f) The MSNs
escape the endolysosomes and enter the cytosolic compartment.50
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Table 1.3. Zeta-potentials and ED50 for cellular uptake of the MSNs.52

Figure 1.14. Confocal fluorescence images of HeLa cells stained with FM 4-64 and 40
µg/mL suspensions of (a) FITC-MSN and (b) FAP-MSN after 6 hours of introduction.
The fluorescent images (left) show the MSNs (green) and FM 4-64-labeled endosomes
(red) are shown on the right.52
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Figure 1.15. Ratiometric imaging of pH in various intracellular compartments using
confocal microscopy. HeLa cells were incubated at 37 ℃ with MSN-PP and MSN-TA
for 4 hours, respectively. The images (overlaid on bright field) of pH sensors in HeLa
cells showing (a) MSN-PP, and (b) MSN-TA.40

(a)

(b)

Figure 1.16. Confocal microscopy analysis of (a) MSN-PP and (b) MSN-TA in HeLa
cells. The living unfixed cells were co-treated with endosome-specific marker FM 4-64
(5 µg/mL) and analyzed by confocal microscopy for an endosomal co-localization image.
The fluorescent images show the MSNs (green, FITC and red, RITC) and FM 4-64labeled endosomes (blue).40
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Figure 1.17. Confocal images of 10 nm mesoporous silica nanoparticles with lysosomes.
Cells adherent on coverslips were preincubated for 10 minutes with Lysotracker Green or
Red, then washed and incubated with nanoparticles, and imaged at 1, 5, and 30 minutes.57

Figure 1.18. Comparison of uptake and intracellular localization of 50 nm mesoporous
silica nanoparticles functionalized or not with either COOH or NH2 groups in SKOV3
and NIH-OVCAR cells after incubation times of one and 24 hours with 20 µg of
nanoparticles.57
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Figure 1.19. Intracellular distributions of R6G-FITC-MSNs as compared to LysoTracker
Blue DND-22. Bar, 10 µm.58

Figure 1.20. The intracellular localization of spherical MS nano- and microparticles with
different sizes within lysosomes of MDA-MB-468 cells. (a) E-MS-1 (190 nm), (b) E-MS2 (420 nm), (c) E-MS-3 (1220 nm), (d) C-MS-1 (190 nm), (e) C-MS-2 (420 nm), and (f)
C-MS-3 (1220 nm).59
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1.6.3

Peptide-mediated Delivery to Lysosome

In living cells, some membrane proteins (LAMP/LIMP) bear sorting signals in their
cytosolic tails that mediate both lysosomal targeting and rapid endocytosis from the cell
surface.60 The most lysosomal targeting signals belong to the YXXФ type which have
certain features to make them functional for lysosomal targeting (Table 1.4).61 Lysosomal
targeting signals are generally found at or near the C-terminus of the proteins, but this
properties has not been proved to be important for lysosomal targeting. The exact amino
acid composition of the signals is also significant. For instance, the presence of glycine
residue or a residue with a small side chain preceding the critical tyrosine residue in YXX
Ф signals favors lysosomal targeting but are less important for endocytosis.62
All of this signals are recognized by components of protein coats peripherally
interacted with the cytosolic face of membranes. YXXФ signals are recognized by the
adaptor protein (AP) complexes which are AP-1, AP-2, AP3, and AP-4 respectively
(Figure 1.21).60 AP-3 consists of δ , β 3, µ3 and σ 3 subunits,63 associates with
clathrin,64 and localizes to endosomes.63 AP-3 recognizes YXXФ signals through its µ3
subunits. In the previous study, it has been reported the AP-3 function were impaired, it
would lead to a n increased incorporation of lysosomal membrane proteins in the default
recycling pathway, resulting in increased passage of lysosomal membrane proteins over
the plasma membrane (Figure 1.22).65
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Based on these biological mechanism, it is a potential strategy to design a lysosome
targeting nanoparticles by conjugating the YXX Ф signals onto the surfaces of the
materials and the function of the AP-3 complexes. So far, there is only one report that
described the targeted delivery of gold nanoparticles to lysosomes using sorting
peptides.66 It exhibited the 13-nm gold nanoparticles can be delivered across the cell
membrane followed by targeted localization into the lysosomes of a mammalian cell line
by using the novel combinations of cell-penetrating peptides and lysosomal sorting
peptides conjugated to the nanoparticles.66 In this study, we tried to conjugate the YXX
Ф signals onto the surfaces of MSNs with the SCM-PEG-MAL linkers. The localization
of the YXXФ-conjugated MSNs in HeLa cells would be analyzed by the confocal images
and the SPT systems. From the results, it suggested the YXXФ-conjugated MSNs could
also be delivered to lysosomes, and demonstrated the function of YXXФ signals would
also work even though they were linked to the surfaces of MSNs.
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Table 1.4. Examples of dileucine-based and tyrosine-based sorting signals.60

All the sequences correspond to the human proteins. Some signals diverge from the
consensus motifs at one position. GGA1 and Ii have two signals each. DXXLL signals
are believed to be primarily involved in mediating TGN-to-endosome transport. The
YXXØ and [DE]XXX[LI] signals shown in this table direct lysosomal targeting of the
indicated proteins. Other signals fitting these consensus motifs mediate endocytosis,
basolateral targeting and sorting to lysosome-related organelles such as melanosomes.
DC-LAMP stands for dendritic-cell LAMP and is also known as LAMP-3, TSC403 or
CD208. Key residues are shown in bold.60
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Figure 1.21. Schematic representation of adaptor protein (AP) complexes. The four
heterotetrameric adaptor protein (AP) complexes (i.e., AP-1, AP-2, AP-3 and AP-4) are
composed of homologous subunits, some of which occur as multiple isoforms. The
subunits assemble into complexes organized into core, hinge and ear domains. AP
complexes participate in protein sorting to lysosomes at different stages of biosynthetic
and endocytic pathways.60

Figure 1.22. Proposed role for AP-3 in the trafficking of lysosomal membrane proteins
(E, early endosome; LE, late endosome; LYS, lysosome; PM, plasma membrane).65
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Chapter 2

2.1

Experimental Section

Materials
Cetyltrimethylammonium bromide (CTAB, >99%), tetraethyl orthosilicate (TEOS,

98%), aminopropryltrimethoxysilane (APTMS, 95%), fluorescein isothiocyanate (FITC,
90%), disodium hydrogen phosphate (99%), sodium dihydrogen phosphate (99%) were
obtained from Acros Organics. Oregon Green® 488 carboxylic acid, succinimidyl ester
(OG,) was purchased from Invitrogen. Ammonia hydroxide (35 wt%) was obtained from
Fisher Scientific. Ammonium nitrate (99%) and rhodamine B isothiocyanate (RITC,
>70%) were purchased from Sigma-Aldrich. Trimethoxysilylpropyl modified
polyethylenimine (PEI, 50%) and ethylene glycol (EG, >99%) were individually obtained
from Echo Chemical and Showa Chemical. Ethyl alcohol (EtOH, 99%) was purchased
from Choneye. 2-[methoxy(polyethyleneoxy)propyl]-trimethoxysilane (PEG, 90%, MW
= 460-590) was obtained from Gelest. The following antibodies were used for
immunofluorescence studies: Rabbit polyclonal to lysosomal associated membrane
protein 1 (LAMP1, ab24170, abcam), rabbit polyclonal to early endosomal antigen 1
(EEA1, SCBT, sc-33585, dilution) and secondary antibodies against rabbit IgG
conjugated to ﬂuorescent dyes (Alexa Fluor® 643, Molecular Probes). Peptides of
YQRLGC (L, >95%) and Rodamine-YQRLGC (L-Rodamine, >95%) were respectively
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obtained from Genomics and Kelowna.

2.2

Characterization

2.2.1

Transmission Electron Microscopy (TEM)

TEM analysis was performed on a transmission electron microscope (JEM-1230
manufactured by JEOL). The microscope was operated at 100 kV. Samples dispersed in
ethanol were sonicated for a few minutes before depositing on a carbon-coated Cu grids
and dried in air.

2.2.2

Nitrogen Adsorption-Desorption Isotherms

N2 adsorption-desorption isotherms were collected on a Micrometric ASAP 2010
apparatus at 77 K under continuous adsorption conditions. Samples were degassed at 103

Torr at 110 ℃ for 16 hours prior to the experiments. The pore volume and pore size

distribution plots were obtained from the analysis of the adsorption or desorption
isotherms using BJH (Barrett-Joyner-Halenda) method. The surface areas were obtained
by BET (Brunauer-Emmett-Teller) analysis.

2.2.3

Fluorescence Spectrum

The fluorescent spectrum was taken with a Hitachi F-4500 fluorescence
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spectrophotometer. Samples were dispersed in 10 mM phosphate solution of various pH
and 2 mL of dispersion was dropped into a cuvette for measurement. The 473 nm of a
single-excitation wavelength is used for exciting the FITC and OG. Scan speed was 240
nm/min. Ex/Em slit was set to 10 nm. Photomultiplier (PMT) voltage was 700 V.
Response time was 0.5 s.

2.2.4

Dynamic Light Scattering (DLS)

The size distribution of nanoparticles was obtained with a Malvern Zetasizer
NanoZS. The Zetasizer was equipped with a He-Ne laser (λ=633 nm, 4 mW), The
detection mode was noninvasive backscatter and the detection angle was 173˚. Samples
suspended in water were dropped in to cuvette and the reading was recorded. The
hydrodynamic diameter is calculated by Stokes-Einstein equation with known diffusion
coefficient.

2.2.5

Zeta Potential

Zeta potential was obtained with a Malvern Zetasizer NanoZS. The Zetasizer was
equipped with a He-Ne laser (λ=633 nm, 4 mW), The detection mode was noninvasive
backscatter and the detection angle was 173˚. Samples suspended in water were dropped
into a folded capillary cell.
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2.3

Synthetic Procedure

2.3.1

Preparation of Dye Conjugated APTMS

To prepare FITC-conjugated APTMS, OG-conjugated APTMS and RITCconjugated APTMS, we followed the previously reported method developed in our
laboratory67. The conjugation of FITC, OG or RITC to the APTMS was achieved through
the reaction between the isothiocyanate group in dye and the amino group in APTMS.
FITC-conjugated APTMS, OG-conjugated APTMS and RITC-conjugated APTMS were
prepared before use by respectively stirring FITC (2.94 mM), OG (1 mM) or RITC (0.37
mM) in ethanol, and then APTMS (0.14, 0.2, 0.05, v/v%) was respectively added into the
three dye-containing solutions and the mixtures were stirred in the dark overnight..

2.3.2 Synthesis of Double-labeled MSNs and Triple-labeled MSNs
In the basic ratiometric fluorescence mesoporous silica nanoparticles (FMSNs), the
double-labeled MSNs were prepared by conjugating the only one sensor dye (FITC) and
a reference dye (RITC) to the MSNs through APTMS during the growth of MSNs. But
now the triple-labeled MSNs can be achieved by modified the additional sensor dye (OG)
to the MSNs for broadening the pH-sensing range. Initially, 57.9 mg of CTAB and 3 mL
EG or 30 µL TEA were dissolved in 30 mL of a 1.024 M ammonium hydroxide water
solution at 30℃ in a sealed vial. After 15-minutes of stirring, the cap of the vial was
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removed, and then 1.4 mL of the APTMS-conjugated FITC ethanol solution and 0.8 mL
of a 0.88 M TEOS ethanol solution were sequentially added into the mixture. After
stirring for 30 minutes, only 0.129 mL of APTMS-conjugated RITC was added into the
mixture for the synthesis of double-labeled MSNs and additional 0.125 mL of the
APTMS-conjugated OG was also added in this step for the triple-labeled MSNs formation.
After 30-minutes of stirring, 240 µL of PEG-silane and 4.5 µL of PEI-silane dissolved in
ethanol solution were added, and then the mixture was stirred for another 30 minutes at
50℃. After the mixture was aged at 50℃ without stirring for overnight, the solution was
sealed and placed in oven at 70℃ for hydrothermal treatment. After 24 hours, the
solution kept at hydrothermal treatment while the temperature was adjusted to 90℃ for
another 24 hours. The as-synthesized samples were then collected by centrifugation at
11000 rpm for 10 minutes and washed three times with 99.5% ethanol. For extracting the
surfactant in the pores of the MSNs, the as-synthesized samples were redispersed in 10
mL of 99.5% ethanol with 60 mg of ammonium nitrate and heated to 60℃. After
extracting for 1 hour, the as-synthesized samples were washed and extracted again as
described above. The resulting product was collected by centrifugation, washed with
ethanol three times, and stored in ethanol.
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2.3.3

Post Modification of PEI-silane onto Triple-abeled MSNs

20 mg of Triple-labeled MSNs suspended in 99.5% ethanol containing 13.3 µL of
PEI were stirred under reflux for 4 hours. The products, called triple-labeled MSN-PM
PEI, were collected by centrifugation, washed with ethanol three times to remove the
unreacted silane, and stored in 99.5% ethanol.

2.3.4

Conjugation of YXXФ sequence to Triple-labeled MSNs-PM

PEI
5.89 mg of SCM-PEG-MAL (3.4k) and 1.49 mg of peptides (YQRLGC sequence)
were mixed in 1 mL of DMEM solution with 10% HEPES buffer. After stirring for 2
hours, the triple-labeled MSN@PM PEI was directly added into the reactive solution and
the mixture was stirred in the dark overnight. Then the products, called triple-labeled
MSN-PM PEI@L, were collected by centrifugation, washed once with ethanol to remove
the unreacted residue, and stored in 99.5% ethanol.
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2.4

Fluorescence Microscope Setup
3D single FMSN tracking and pH variation detection were simultaneously carried

out by combining passive single-particle tracking (SPT) technique and FRET imaging
based on fluorescence microscopy. The schematic setup is shown in figure 2.5. The setup
was built upon an inverted fluorescence microscope (IX71, Olympus) with an oil
objective lens (PlanApo N 60X, NA 1.42, Olympus). The bright-field image was collected
by a camera (SSC-DC393, Sony). To immobilize sample drift, the sample holder was set
on a home-made stage, and a fine adjustment locker was employed in the focusing system
in order to limit the drift of the objective lens while performing SPT. To obtain
fluorescence images of FMSNs, the samples were excited with a 473-nm line from a diode
laser (100 mW), the laser power was modulated by a DPSS laser driver. The dual-color
fluorescence image was collected by an electron-multiplying CCD camera (Neo sCMOS
DC-152Q-C00-FI, Andor) using Andor software, and a FRET split imaging system
(Olympus) was installed before the camera to perform ratiometric pH sensing. The
dichroic mirror (550-nm long pass) in the FRET split imaging system was custom-made
by Chroma Technology to split image into two parts contributed from FITC and RITC,
respectively, and the individual image would pass through a single-band bandpass filter
(520/35 nm or 593/46 nm, Semrock) for further signal cleanup. Between FRET split
imaging system and the camera, a weak cylindrical lens (f = 30 cm) was inserted to create
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astigmatic fluorescence spots to assign the relative position on z-axis.

2.5

pH Calibration Curve

2.5.1 In Vitro Method
In order to establish an in vitro pH calibration curve, the nanosensors (0.1 µg/mL)
were first dispersed in 10 mM phosphate buffered solution or medium (DMEM+FBS+P/S)
with various known pH between 3 and 8, and 1 mL of mixture was dropped on a coverslip
for observation. Then the fluorescence images were taken by the SPT microscopy with
about 10 fluorescence spots at different pH. The fluorescence intensity ratio (I520/I590) of
these spots was analyzed by the MatLab software, and the pH calibration curve was
obtained by fitting the data (intensity ratio v.s. pH) with a sigmoidal function.

2.5.2 In Situ Method
The HeLa cells were firstly incubated on 24 mm diameter glass coverslips in 6-well
plates with no-phenol red medium (DMEM+FBS+P/S) containing the 1 µg/mL
nanoparticles. After 30 minutes, the cells were separately incubated with K+-rich buffer
(10 mM NaCl, 135 mM KCl, 10 mM glucose, 1 mM CaCl2, 1 mM MgCl2 and 20 mM
MES for pH ≤ 5.5 or 20 mM HEPES for pH > 5.5) at various pH values (4-8) in the
presence of 5 µM of nigericin and 5 µM of monensin for another 30 minutes. The
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fluorescence images were taken by the SPT microscopy with about 10 fluorescence spots
at different pH. The fluorescence intensity ratio (I520/I590) of these spots was analyzed by
the MatLab software, and the pH calibration curve was obtained by fitting the data
(intensity ratio v.s. pH) with a sigmoidal function.

2.6

In Vitro Cell Studies :

2.6.1

Cell Culture

HeLa cells, human cervical carcinoma cells, were maintained in Dulbecco’s
modified Eagles medium (DMEM; GIBCO), 10% fetal ovine serum (FBS; GIBCO) and
1% antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin; GIBCO), and
incubated in T175 flask with a sealed cap at 37 ℃ under a humidified atmosphere of
95% air and 5% CO2. When adherent cells reached ~60% to ~70% confluence, the growth
medium was removed and the cells were washed twice with phosphate-buffered saline
(PBS) and then 2 mL of 0.25% trypsin-EDTA is added. The flask is placed in the incubator
at 37 ℃ under a humidified atmosphere of 95% air and 5% CO2 for 3 minutes. The cells
are then dislodged from the flask surface and were mixed with fresh growth medium in a
50 mL centrifuge tube. To remove the excess of trypsin, the solution was centrifuged with
1200 rpm for 2.5 minutes. The supernatant was discarded and the pellet is resuspended in
growth medium. Then, one tenth of the cells was placed back to a clean T175 flask.
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2.6.2 Single Particle Tracking in Live Cell
For performing the tracking experiment, HeLa cells were firstly cultured on 24 mm
diameter glass coverslips in 6-well plates at 37 ℃ in a 95% air and 5% CO2 atmosphere
for 24 hours. Before the experiment, HeLa cells were washed two times with medium
(without phenol red). Then 1 mL of medium containing nanosensors (1 µg/mL) was added
and incubated at 37 ℃ in a 95% air and 5% CO2 atmosphere. After 12 hours incubation,
the supernatant was removed and cells were washed two times with medium, and then
kept in medium for SPT experiment.

2.6.3

Flow Cytometry Analysis

The measurement of nanosensors uptake by flow cytometry was performed as
follows. HeLa cells were seeded at 2x105 cells per well in 6-well plates and allowed to
grow for 24 hours. To determine the uptake level of the nanosensors, the cells were
incubated in medium containing 50 µg/mL of nanoparticles for 4 hours. Treated cells
were then washed three times with PBS, harvested by trypsinization, and then maintained
in PBS with trypan blue for quenching the fluorescence of FITC on the surface of
nanosensors. The green emitting fluorescein dye incorporated in triple-labeled MSN and
triple-labeled MSN@PM PEI@L was utilized to quantitatively determine their cellular
uptake analyzed by FACSCalibur flow cytometry and CellQuest Pro software (Becton
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Dickenson, Mississauga, CA).

2.6.4 Intracellular Imaging
For identifying the localization of nanosensors in HeLa cells, the cells were firstly
cultured on 24 mm diameter glass coverslips in 6-well plates at 37 ℃ in a 95% air and
5% CO2 atmosphere. After 24 hours, the cells were washed two times with medium
(without phenol red) and then incubated in 1 mL of medium containing nanoparticles (50
µg/mL) for 4, 8, and 12 hours. Then, the cells were fixed with 1.5 mL of 4%
Paraformaldehyde (PFA) for 10 minutes and treated with 1.5 mL of 0.1% Triton for 5
minutes to penetrate the cells at room temperature. Subsequently, the cells were blocked
with 5% bovine serum albumin (BSA) in 1xTBS-T for 1 hour, stained with primary
antibodies (LAMP-1, 1/1000 dilution or EEA-1, 1/200 dilution) for overnight, and then
with secondary antibodies (Alexa Fluor® 633 conjugated anti-rabbit antibody, 1 µg/mL)
for 2 hours at room temperature. Then, a 5% BSA in 1xTBS-T containing 4’, 6-diamidino2-phenylindole (DAPI) was added into each well for 10 minutes to stain the cell nuclei.
After that, the cells were kept in PBS for confocal laser scanning fluorescence microscope
(TCS SP5, Leica) observation.
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Chapter 3

3.1

Results and Discussions

Adjustment of Size, Uniformity and Suspension of

Nanosensors
Single-labeled MSNs are synthesized by co-condensation of APTMS-conjugated
FITC with cationic surfactant CTAB and TEOS in ammonium hydroxide solution. The
silica condensation rate depends on the ammonium hydroxide concentration.34 Under
alkaline conditions (pH = 7.5 ─ 10.5), the condensation rate decrease for the increasing
pH values because of the gradual instability of silicates at higher pH values. The slower
rate of condensation would form the more large size of nanoparticles, which is just like
the principle of crystallization. Thus the size of single-labeled MSNs were regulated by
changing the concentration of ammonium hydroxide solution. Here the three
concentrations (0.768M, 0.896M and 1.024M) of ammonium hydroxide solution were
examined for achieving the size of 200 nm, as shown in Figure 3.1. The almost same sizes
of the three results were observed from the TEM images (Figure 3.1a-c, left). For
improving the uniformity of the single-labeled MSNs, the additional trimethylamine
(TEA) or ethylene glycol (EG) was added in the overall process of the synthesis. During
the process of silicate condensation, the EG or TEA would interact with the surface of the
forming silica structure based on a template of cationic surfactants. We estimate the

47

doi:10.6342/NTU201601239

interaction could regulate the size of the forming FMSN and result in good uniformity of
the single-labeled MSNs (Figure 3.1d, e, left). The result of the EG was more effective
than the TEA to the uniformity of the single-labeled MSNs. On the other hand, for
increasing the potential biomedical application such as a prolonged retention in the blood
circulation, great suspension of nanoparticles is essential.68 Thus single-labeled MSNs
were also modified with polyethylene glycol (PEG) on the surface. The dynamic sizes of
the five conditions form DLS data are all about 200 nm in diameter (Figure 3.1a-e, right).
The values which are like that from TEM images represent the particles from the five
conditions have excellent suspension in DI water or Medium. In this part, we synthesize
the single-labeled MSNs with good uniformity in size, excellent suspension in medium
and appropriate size about 200 nm in diameter with the condition of the 1.024M
ammonium hydroxide solution and the addition of EG.
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a

b

c

d

e

Figure 3.1. Characterization of FRMSNs with different synthesis conditions by TEM
(left) and DLS (right). (a) 0.768 M NH3 (aq). (b) 0.896 M NH3 (aq). (c) 1.024 M NH3
(aq). (d) 1.024 M NH3 (aq) + triethylamine (TEA). (e) 1.024 M NH3 (aq) + ethylene glycol
(EG).
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3.2 Effect of Ratios of FITC to RITC and Addition Time of
RITC
The double-labeled MSNs based on ratiometric fluorescence pH-sensing have a pHsensitive dye (FITC) and a referent dye (RITC). The double-labeled MSNs were excited
by a single 473-nm laser and the FRET effect of FITC to RITC gives the two different
fluorescence separately from FITC and RITC. The amount of RITC in the particles would
determine the FRET effect and the increasing RITC would have stronger FRET effect,
which results in reducing the sensitivity of FITC to the pH variation and raising the
fluctuation of pH detection, but too less amount of RITC is also not well because the too
weak fluorescence at the wavelength of 593 nm would be hardly detected. For obtaining
the ideal FITC/RITC ratio for pH sensing in living cells, A series of ratios were prepared
in which we used a fixed amount of FITC (58.80 µM) in the presence of 0.68 ─ 6.14 µM
RITC to yield FITC/RITC ratios of 28.3:1/3, 28.3:1 and 28.3:3 (Figure 3.3). On the other
hand, we were also interested in the different addition time of RITC. The first one is RITC
added simultaneously with FITC and the other is RITC added after FITC in 30 minutes.
The TEM images of double-labeled MSNs with the FITC/RITC ratios of 28.3:1 and
28.3:3 synthesized by adding RITC after FITC in 30 minutes exhibit the worse uniformity
(Figure 3.3e and f, Top). Although the others show the better uniformity, the most size of
the nanoparticles are smaller than 150 nm in diameter (Figure 3.3a-d, Top). The results
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of the smaller size which is different from that of the single-labeled MSNs could be due
to the additional addition of RITC. The pH calibrations in the six conditions suggest the
FITC/RITC ratio of 28.3 to 1/3 has the most sensitive dynamic change with pH variation,
and the intensity of fluorescence from RITC also can be accepted (Figure 3.3, bottom).
Hence the addition of RITC after FITC in 30 minutes and the FITC/RITC ratio of 28.3 to
1/3 are the better condition in this research. The pH calibrations were measured by the
passive 3D SPT design as shown in Figure 3.2. The double-labeled MSNs were excited
by a single 473-nm laser beam and emissions contributed from FITC and RITC were
separated by dichroic mirror in the FRET split imaging system. Therefore the individual
analysis of the fluorescence intensity from FITC and RITC with pH variation can be
achieved and then we can make the pH calibration with these information.

Figure 3.2. Scheme of 3D single particle tracking apparatus.
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a

b

c

d

e

f

a

b
△F/R ratio /△pH
= 0.67

d

c

e
△F/R ratio /△pH
= 0.67

△F/R ratio /△pH
= 0.2

△F/R ratio /△pH
= 0.5

f
△F/R ratio /△pH
= 0.4

△F/R ratio /△pH
= 0.2

Figure 3.3. TEM images (Top) and pH calibration (Bottom) of double-labeled MSN with
different mole ratio and addition time of FITC and RITC. (a) FITC : RITC = 28.3 : 1/3 ;
FITC addition with RITC. (b) FITC : RITC = 28.3 : 1 ; FITC addition with RITC. (c)
FITC : RITC = 28.3 : 3 ; FITC addition with RITC. (d) FITC : RITC = 28.3 : 1/3 ; RITC
addition after FITC in 30min. . (e) FITC : RITC = 28.3 : 1 ; RITC addition after FITC in
30min. . (f) FITC : RITC = 28.3 : 3 ; RITC addition after FITC in 30min.
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3.3 Effect of Doubling Dyes and Addition of PEI
To the application of optical imaging, we expected that tracking the only single
particle in the living cells in the environment of medium could be achieved. However, the
fluorescence intensity of a single particle in the environment of medium containing the
slight noise from background usually give the very weak signal and result in quickly
missing the tracked target and enhanced error of pH detection. For resolving the problems
as described above, the concentration of FITC and RITC in the process of the synthesis
was raised doubly for increasing the amount of the dyes in the particles and enhancing
the fluorescence intensity. On the other hand, the double-labeled MSNs were modified
additionally with PEI could also enhance the fluorescence intensity because we estimate
the residues of the dyes in the solution would further conjugate to the primary amines of
PEI on the particles. For adjusting the size of the particles back to 200 nm in diameter,
here we decreased the temperature to 30 ℃ from 40 ℃. The TEM images show the
sizes of double-labeled MSNs are about 200 nm which is appropriate size for the large
amount of dyes conjugated in particles (Figure 3.4, left). The fluorescence intensity
measured by SPT fluorescence microscopy exhibit the double-labeled MSNs with PEI
have stronger fluorescence intensity than the nanoparticles without PEI (Figure 3.4, right).
For simplifying the name of the nanoparticles, the double-labeled MSNs with PEI and
PEG are also called double-labeled MSNs at the following content of this article.
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a

b

Figure 3.4. Characterization of double-labeled MSNs by TEM (left) and SPT
fluorescence microscopy (right). (a) double-labeled MSN without PEI (b) double-labeled
MSN with PEI.
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3.4 FRET-based Ratiometric Fluorescent Determination of
pH in Buffered Water Solutions
It is well known that pH-sensitive fluorescein undergoes structural interconversion
with pH variation.69 It assumes the monoanion state at acidc pH and the dianion state at
neural or alkaline pH. When the structural conversion from monoanion state to dianion
state, the fluorescence quantum yield (Ф) of fluorescein would significantly increase
from 0.37 to 0.93.70 Figure 3.5a shows the emission spectrum of double-labeled MSNs in
10 mM phosphate buffer solution from pH 3.83 to pH 7.95. The spectra exhibits the peak
at the 520 nm contributed from the pH-sensitive FITC enhances with the increasing pH
values, and the peak at the 590 nm contributed from the reference RITC almost keeps the
same fluorescence intensity. Thus we can get the pH calibration curve by utilizing the
fluorescence intensity ratios (I520/I590) to the pH variation from fluorescence spectra
(Figure 3.5b). On the other hand, the pH calibration acquired from SPT fluorescence
microscopy shows the more sensitive dynamic change on the alkaline range from pH 6.5
to pH 7.5. That explains the pH-sensing performed by detecting a single particle with SPT
fluorescence microscopy is more powerful. The pH sensing dynamic range of the doublelabeled MSNs is about from pH 4.8 to pH 7.5. The pH detection to endosome-lysosome
system by utilizing the double-labeled MSNs is not enough due to the non-sensitive pH
dynamic variation in the very acidic region (pH 4.5-5). Thus, we would improve the
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ability of pH-sensing at the low pH range in the following part.
The trajectory of particles in living cells could experience the dynamic physiological
pH variation. The reversible pH sensing of double-labeled MSNs is essential for the realtime pH detection in living cells. Figure 3.6 shows the fluorescence intensity ratio for the
double-labeled MSNs in a buffer solution where the pH is switched between 4.0 and 8.0
for four times. After four cycles, the ratio (I520/I590) remains unchanged. The reversibility
of the ratiometric fluorescence detection of the double-labeled MSN clearly demonstrates
the excellent pH sensing ability and the robustness of the nanosensor.
There are many kinds of metal cations in the living cells where we concern about
the change of the fluorescence intensity ratio due to the interaction of the carboxylic
groups in the FITC of double-labeled MSNs with the cations. For sensing the pH in an
intracellular environment, the potential interference from metal cations should be ruled
out. The fluorescence intensity ratios (I520/I590) of the double-labeled MSNs were
measured for the blank buffer solution which is without addition of any metal cations and
the solutions with various metal cations added (Figure 3.7). There is no remarkable
change in intensity ratio can be observed for those with metal ions added in comparison
with that of blank buffer solution at pH 7.4, which indicates that the interference from
those metal cations on pH measurement is negligible, and the double-labeled MSNs
exhibit high selectivity toward H+ against the metal ions.
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Moreover, we also examine the effect of ion strength (0.01, 0.05, 0.15 and 0.20 M
KCl) on the intensity ratio (Figure 3.8). Similarly, no significant change is found in the
fluorescence intensity ratio, which suggests ionic strength has negligible influence on the
ability of H+ recognition of double-labeled MSNs.

a

b

c

Figure 3.5. Fluorescence emission spectra of FRMSN-PEI (80 µg/mL) in 10 mM
phosphate buffer at various pH values. (b) The ratio of the fluorescence intensity of FITC
to that of RITC (I520 / I593) versus pH measured by Fluorimetry in 10 mM phosphate buffer.
(c) The ratio of the fluorescence intensity of FITC to that of RITC (I520 / I593) versus pH
measured by Fluorescence Microscopy in 10 mM phosphate buffer.

pH 8

pH 4

Figure 3.6. pH reversibility study of double-labeled MSNs between pH 4 and 8.
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Figure 3.7. Fluorescence intensity ratio for the double-labeled MSNs (80 µg/mL) in
phosphate buffer solution (10 mM, pH 7.4) upon the addition of of various metal ions.
The concentrations of all the cations are 50 µM.

Figure 3.8. Fluorescence intensity ratio for the double-labeled MSNs (80 µg/mL) in
phosphate buffer solution (10 mM, pH 7.4) containing KCl with various ionic strengths
(0, 0.01, 0.05, 0.15, 0.20Ｍ).
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3.5 Design and Principle of Triple-labeled Nanosensor
In recent years, there are many pH nanosensors were developed as described
above.10-11, 12-15 However, the dynamic range of ratiometric fluorescence measurement of
pH from those nanosensors usually couldn’t cover the entire physiological range in living
cells. Thus, here we would develop a nanosensor which has a broad pH sensing ability by
conjugating the third additional pH-sensitive dyes called Oregon Green® 488 carboxylic
acid, succinimidyl ester (pKa = 4.1), which has a different pKa value from the FITC (pKa
= 6.0). For synthesizing the triple-labeled MSNs, we add OG, which is about 30 times
less than FITC in numbers of mole, into the reactive solution with RITC in the meantime,
and other process of the synthesis is identical with that of double-labeled MSNs. The
schematic product of triple-labeled MSNs is shown in figure 3.9a. The OG and FITC on
the triple-labeled MSNs can be simultaneously excited by single 473-nm laser, and the
RITC can acquire energy with the FRET effect from OG and FITC excited. Then we can
detect the three fluorescence intensity individually from FITC, OG and RITC on the
triple-labeled MSNs at the same time. The fluorescence spectrum of the nanoparticles is
shown in figure 3.9c. The spectra exhibits the peak at the 520 nm contributed from the
pH-sensitive FITC and OG enhances with increasing pH, and the peak at the 590 nm
contributed from the reference RITC almost keeps the same fluorescence intensity. Hence
we can get the pH calibration curve by utilizing the fluorescence intensity ratios (I520/I590)
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to the pH variation from fluorescence spectra (Figure 3.9d). The TEM images of the
triple-labeled MSNs exhibit the size is about 200nm and good uniformity, and
furthermore the DLS data shows the dynamic size in medium was about 220 nm
indicating the nanoparticles have excellent suspension (Figure 3.9b). Capillary
condensation was observed at a relative pressure P/P0 between 0.2 and 0.3 in typical IV
nitrogen adsorption-desorption isotherms (Figure 3.10a), exhibiting the existence of
mesoporous channels. A surface area of 847.8 m2g-1 was obtained by BET (BrunauerEmmett-Teller) analysis and the pore size and pore volume were calculated to be 1.96 nm
(Figure 3.10b) and 0.59 cm3g-1, respectively by Barrett-Joyner-Halenda (BJH) analysis.

a

b

c

d

Figure 3.9. Design and characterizations of triple-labeled MSN. (a) Schematic of triplelabeled MSN and FRET effect when being excited by single wavelength laser. (b)
Characterization of triple-labeled MSNs by TEM image (Top) and DLS (Bottom). (c)
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Fluorescence spectrum of triple-labeled MSNs with pH variation from pH 3.19 to pH 8.84
in 10 mM phosphate buffer. (d) The ratio of the fluorescence intensity of FITC to that of
RITC (I520 / I593) versus pH measured by Fluorimetry in 10 mM phosphate buffer.

a

b

Figure 3.10. Nitrogen adsorption-desorption isotherm and (b) corresponding pore size
distribution plot of triple-labeled MSNs. The pore size distribution plot is obtained from
the analysis of the adsorption or desorption isotherms using BJH (Barrett-Joyner-Halenda)
method.
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3.6 Evaluation of the In Vitro and In Situ Calibration
It has been known that fluorophores could change their fluorescence emission ratio
when interacting with protein, even though the pH of solution remained constant.71
However the nanoparticle-based sensor usually can prevent this problem due to their
protection from the interaction of proteins with fluorophores. In order to evaluate whether
the fluorophores on this nanosensor would be influenced by the proteins, we measure the
pH calibration curves in two different environment, 10 mM phosphate buffer solution and
medium (DMEM+FBS+P/S) respectively (Figure 3.11a, b). The result shows the pH
calibration curve measured by SPT fluorescence microscopy in medium is obviously
different from that in 10 mM phosphate buffer solution, which is due to the interaction of
the partial fluorophores conjugated on the surface of the nanoparticles with the proteins
in medium. For increasing the reliability of pH sensing, an in situ calibration curve was
generated by ratiometric measurements in cells with internalized nanosensors incubated
in K+-rich buffers of known pH in the presence of the H+/K+ antiporter nigericin and
monensin.72 The in situ calibration curve is similar to that measured in medium,
suggesting the fluorescence intensity ratios of triple-labeled MSNs are not affected in the
similar environment. It is generally considered that an in situ calibration curve is the most
reliable for fitting the pH value in living cells. So the in situ calibration curve of triplelabeled MSNs would be utilized in the following part of experiment. (Figure 3.11c).
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The stability of triple-labeled MSNs stored in 99.5% EtOH were also examined. The
result shows the nanoparticles can preserve the same in-situ calibration curve even though
they were kept in 99.5% EtOH for 3 months (Figure 3.12).

a

c

b

Figure 3.11. The ratio ( I520 / I593 ) of the fluorescence intensity of Triple-labeled MSNs
versus pH measured in different environment by Fluorescence Microscopy. (a) In 10 mM
phosphate buffer solution. (b) In Medium ( DMEM+FBS+P/S). (c) Inside HeLa cells ( in
situ ).

Figure 3.12. The in-situ pH calibration curves of triple-labeled MSNs before and after
being stored in 99.5% EtOH for 3 months.
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3.7 Single Particle Tracking System
In this study, we constructed a passive 3D single-particle-tracking fluorescence
microscopy and performed three kinds of functions for real-time trajectory detection, realtime speed measurement, and real-time pH sensing by combing the pH nanosensors with
the SPT apparatus (Figure 3.13). The triple-labeled MSNs were excited by a single 473nm laser beam and emissions contributed from FITC and RITC were separated by
dichroic mirror in the FRET split imaging system. Therefore, the real-time pH sensing
can be achieved by the individual analysis of the fluorescence intensity from FITC and
RITC over time. On the other hand, the 3D imaging can be accomplished by introducing
a cylindrical lens into the imaging path to create two slightly different focal planes for the
x and y directions. Then, the ellipticity and orientation of a fluorescence spot varied as its
position changed in z.23d Hence we can also get the information about a 3D real-time
trajectory and a real-time speed measurement with the z calibration measured by the SPT
system and analyzed by the MatLab software (Figure 3.14).
In order to examine the accuracy of the location assignment, we immobilized triplelabeled MSNs on a coverslip. The fluorescence nanoparticles were continuously excited
at 5 times per second for 100 seconds. Then, their x, y, and z coordinates of the
fluorescence spots from the images were analyzed by the MatLab software. This
procedure resulted in a cluster of localizations for each molecule (Figure 3.15). The
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standard deviations of the localizations were 24 nm in x, 10 nm in y, and 18 nm in z,
giving a quantitative measurement of the 3D localization accuracy (Figure 3.15).
Moreover, the drift of the location in x, y, and z for long-time detection was also
investigated. The triple-labeled MSNs immobilized on a glass surface were successively
detected at 1 frame per 15 seconds for 30 minutes (Figure 3.16). The result exhibit the
slight drift at x and y outside 300 nm from original position, and the steady situation at z
in 30 minutes, suggesting the SPT system is a little instability, caused by many factors
such as temperature variation, environment vibration and intrinsic instrument fluctuation.
(Figure 3.16a). On the other hand, the speed variation was maintained under very low rate
(˂ 3 nm/s) in 30 minutes, demonstrating the effect of the factors on the drift is very slow
(Figure 3.16b).
Sometimes the laser power was adjusted for enhancing the fluorescence intensity,
increasing the detection accuracy, and prolonging the measurement time. Thus, the effect
of the different laser power on the intensity ratio (I520/I590) was examined (Figure 3.17a).
The results show the ratios were almost not varied as the laser power raised. Furthermore,
the relationship between the fluorescence intensity ratios and the fluorescence intensity
of RITC was also surveyed (Figure 3.17b). Based on the result, once the intensity is
insufficient (< 12500), the FITC/RITC ratio would increase, resulting in wrong pH
detection. Therefore, the tracking data with weak RITC intensity would be discarded.
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Eventually, we also examined the photo-stability of triple-labeled MSNs by
continuously exciting the nanosensors at 1 time per 15 seconds for 30 minutes (Figure
3.18). The photobeaching of FITC, OG, and RITC on the triple-labeled MSNs
continuously occurred over time when the nanosensors were successively excited by laser.
Thus, the intensity of both I520 (FITC and RITC) and I590 (RITC) declined over time
(Figure 3.18a). However, the I520 / I590 ratios almost maintained the same, indicating the
intensity ratios are not affected by the photobleaching in 30 minutes (Figure 3.18b).
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pH reporter

Real-time
trajectory

Real-time
speed variation

Real-time
pH variation

MatLab software

3D SPT fluorescence microscopy

Figure 3.13. Scheme of 3D single particle tracking apparatus combined with pH reporter.

Figure 3.14. The z calibration curve of the widths from the fluorescence spots in x and y
direction as a function of z locations obtained from five triple-labeled MSNs. The
fluorescence spots of the images were fit to an elliptical Gaussian function carried out
using MatLab software.
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Figure 3.15. Three dimensional localization distribution of triple-labeled MSNs.
Histograms of the distribution in x, y and z are fit to a Guassian function, yielding
standard deviations of 24 nm in x, 10 nm in y, and 18 nm in z.

a

b

Figure 3.16. X, Y, and Z drift study. Triple-labeled MSNs were immobilized on a
coverslip for 30 min tracking (1 frame per 15 s). (b) The corresponding root mean square
speed variations over time from (a).
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a
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Figure 3.17. The variations of fluorescence intensity ratio when triple-labeled MSNs
were excited with different laser power. The 10 nanoparticles in one image were
employed for calculation. (b) The relationship between FITC/RITC ratios and
fluorescence intensity of RITC. The 13 triple-labeled MSNs immobilized on coverslip
are tracked for a long time to examine the influence of weak RITC intensity.

a

b

Figure 3.18. Photo-stability of Triple-labeled MSNs is measured for 30 min by
Fluorescence Microscopy (1 frames per 15s). (a) The intensity variation of both I520 (FITC
and OG) and I593 (RITC) over time. (b) The corresponding intensity ratios (I520 : I593) over
time, which remains the same value in this duration.
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3.8

The Design of Lysosome-Targeting Nanocarrier based on

pH-Sensing
In the former works, we have developed the triple-labeled MSNs which have many
unique features for pH-sensing, including real-time probing, high sensitivity, good
photostability, wide dynamic range, ratiometric measurements for internal calibration,
reduced photobleaching, excellent suspension, and single particle tracking. In this study,
we report the pH reporter can be a platform for biomedical applications such as
nanocarrier design. It has been known that the nanoparticles with amine group-containing
compounds such as PEI-silane would have the proton sponge effect causing the
nanoparticles to escape from endosome to cytosol.54 In order to develop a lysosometargeting nanoparticle, we modified lysosome-targeting peptides, YQRLGC, onto the
triple-labeled MSNs with the SCM-PEG-MAL linkers (3.4k). For increasing the
conjugating amount of the peptides, we firstly post-modified the more PEI-silanes onto
the triple-labeled MSNs and the products are called triple-labeled MSN@PM PEI. Then,
the SCM-PEG-MAL likers were grafted to the triple-labeled MSN@PM PEI through the
amine groups and succinimidyl groups. After that, the YQRLGC sequences were
conjugated to the triple-labeled MSN@PM PEI through the thiol groups and the
maleimide groups, and the products are called triple-labeled MSN@PM PEI@L. TEM
images shows the morphology of triple-labeled MSNs, triple-labeled MSN@PM PEI and
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triple-labeled MSN@PM PEI@L was similar, and the average sizes were all about 200
nm (Figure 3.19, left). The suspension of the triple-labeled MSN@PM PEI was worse
than the triple-labeled MSNs in medium because of the post-modification of the PEIsilane (Figure 3.19, right). However, the dispersion of the triple-labeled MSN@PM
PEI@L became a good situation after the triple-labeled MSN@PM PEI was conjugated
with the YQRLGC sequences (Figure 3.19, right). Furthermore, the change of the
dynamic size from triple-labeled MSN@PM PEI to triple-labeled MSN@PM PEI@L
indirectly demonstrated the peptides were successfully conjugated to the triple-labeled
MSN@PM PEI through MAL-PEG-SCM linkers. On the other hand, the zeta potential
of the triple-labeled MSN@PM PEI was obviously higher than the triple-labeled MSN
within the entire titration range (Figure 3.20). In order to quantify the amount of
YQRLGC peptides on the triple-labeled MSN@PM PEI@L, the fluorescence dyes of
rhodamine were attached to the YQRLGC peptides, and the 0.17 mg of YQRLGC
peptides per 1 mg of triple-labeled MSN@PM PEI was determined by detecting the
fluorescence variation of the supernatant.
The pH calibration of the triple-labeled MSN@PM PEI@L, measured by the SPT
fluorescence microscope in medium, exhibited the slight diversity compared with that of
the triple-labeled MSN (Figure 3.21b). The result suggested the local FITC and OG,
which are close to the excess positive charge of the surface, were easier to lose the
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hydrogen ions for stabilizing the positive repulsion. Hence, compared to the inner FITC
and OG in the nanoparticle, the outer have lower pKa value resulting the different pH
calibration.

a

b

c

Figure 3.19. TEM images (left) and DLS plot (right) of (a) triple-labeled MSN, (b) triplelabeled MSN@PM PEI, and (c) triple-labeled MSN@PM PEI@L.
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Figure 3.20. Zeta potential plot of triple-labeled MSN (blue line) and triple-labeled
MSN@PM PEI (red line) in water solution with different pH values.

a

b

Figure 3.21. The in-situ calibration curves of (a) triple-labeled MSN and (b) triplelabeled MSN@PM PEI@L after 30 minutes (red) and 12 hours (blue) of incubation with
HeLa cells.
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It has been known that the silica nanoparticles could be hydrolyzed in an alkaline
aqueous solution and even decomposed by the enzymes in living cells. Thus, we
concerned the structure of nanoparticles incubated in HeLa cells for a long time would be
destroyed and change the in-situ pH calibration curve. In order to examine the effect, the
in-situ pH calibrations were measured after the triple-labeled MSN and the triple-labeled
MSN@PM PEI@L were incubated with HeLa cells for 12 hours. Compared to the pH
calibration curve measured after 30 minutes of incubation with HeLa cells, the pH
calibration curve for 12 hours of incubation has remarkable diversity (Figure 3.21),
suggesting the construction of nanoparticles would slightly be destroyed in the HeLa cells
after 12 hours of incubation. In order to increase the reliability, we would use the pH
calibration curves measured after the specific incubation time corresponding to the period
in which we are interested for observing the behavior of nanoparticles in HeLa cells.
The cell uptake analysis shows the triple-labeled MSN and triple-labeled MSN@PM
PEI@L were easily uptaken by HeLa cells. The uptake percentages of the two
nanoparticles were all about 80% (Figure 3.22a). However, the amount of the uptake of
triple-labeled MSN@PM PEI@L was higher than the triple-labeled MSN by two times
because the increased positive charge on the surface of triple-labeled MSN@PM PEI@L
would promote the interaction with the negative charge cell membrane (Figure 3.22b).
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Figure 3.22. The percent of uptake and (b) the fluorescence intensity of the nanoparticles
by flow cytometry analysis of cell-uptake. HeLa cells were incubated at 37 ℃ with
triple-labeled MSN or triple-labeled MSN@PM PEI@L for 4 h.

In order to examine the traffic route of triple-labeled MSN@PM PEI@L upon
entering cells, the co-localization of the nanoparticles with early endosome and lysosome
was studied respectively by immunostaining with EEA-1 and LAMP-1 antibody. At 4, 8,
and 12 hours, the result exhibited the merging percentages of the signals from the triplelabeled MSN@PM PEI@L with that from early endosome marker, analyzed by the
ImageJ software, were all lower than 4%, demonstrating the nanoparticles quickly
escaped from the early endosome into the cytosol in HeLa cells (Figure 3.23a). On the
other hand, the accumulation amount of the triple-labeled MSN@PM PEI@L in the
lysosome would continuously increase over time. The 34 % of the overlapping level
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would be achieved at 12 hours, suggesting the triple-labeled MSN@PM PEI@L can
target the lysosome (Figure 3.23b).
Moreover, the nanoparticles without the YQRLGC sequences, triple-labeled MSN,
would have a similar action to that observed in the case of the triple-labeled MSN@PM
PEI@L (Figure 3.24). However, the triple-labeled MSNs wouldn’t get in the lysosome
even though they were incubated with cells for 12 hours (Figure 3.25). Hence the result
demonstrate the nanoparticles conjugated with YQRLGC sequences would have ability
to accumulate in lysosomes.
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Figure 3.23. Co-localization images of triple-labeled MSN@PM PEI @L with (a) early
endosome marker, EEA-1, and (b) lysosomal marker, LAMP-1 antibody, at 4, 8 and 12
hours in HeLa cells. The percentages on the images, representing the overlapping ratio of
the nanoparticle with the markers, were analyzed by Image J software.

a
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4h

b

12h

3.3 %
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4h

12h

3.5 %

Figure 3.24. Co-localization images of early endosome marker, EEA-1, with (a) triplelabeled MSN and (b) triple-labeled MSN@PM PEI@L at 4 and 12 hours in HeLa cells.
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The percentages on the images, representing the overlapping ratio of the nanoparticle with
the two markers, were analyzed by Image J software.

a

4h

4.4 %
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12h

16.6 %

6.2 %
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Figure 3.25. Co-localization images of lysosomal marker, LAMP-1 antibody, with (a)
triple-labeled MSN and (b) triple-labeled MSN@PM PEI@L at 4 and 12 hours in HeLa
cells. The percentages on the images, representing the overlapping ratio of the
nanoparticle with the two markers, were analyzed by Image J software.

In order to further determine the effect of the YQRLGC sequences on the lysosome
targeting, the SPT experiment was carried out after incubating the triple-labeled MSN or
triple-labeled MSN@PM PEI@L with HeLa cells for 12 hours. A representative case of
the triple-labeled MSN was shown in figure 3.26. The trajectory exhibits the displacement
of the nanoparticle in a 3D space as a function of time and pH values (Figure 3.26a and
b). The real-time pH sensing of the triple-labeled MSN shows the nanoparticle stayed in
the alkaline environment. The pH variation was almost higher than 6.8 within 10 minutes
indicating the nanoparticle prefer to stay in cytoplasm in HeLa cells (Figure 3.26d).
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Furthermore, the RMS speed variation was about lower than 40 nm/s with a maximum
rate at 100 nm/s (Figure 3.26c). The several representative cases of the triple-labeled
MSN@PM PEI@L were shown in Figure 3.27, 3.28 and 3.29. The first one exhibits the
nanoparticle moved to a slight acidic environment about pH 5.7 from an alkaline place
about pH 6.8 (Figure 3.30d). We deduced the nanoparticle could get in the late-endosome
from the cytosol. Another demonstrate the nanoparticle in the late-endosome
continuously matured and finally reached the lysosome, speculated by the pH variation
from pH 5.8 to pH 5.2 (Figure 3.30d). The other illustrates the nanoparticle kept in the
lysosome for 14 minutes due to the low pH value about 5.1 (Figure 3.31d). From the
results described above, we found the triple-labeled MSN@PM PEI@L would have
ability to accumulate in lysosome but the triple-labeled MSN could only maintain at
cytoplasm in HeLa cells.
The statistic results of the average pH values from the 120 nanoparticles measured
by SPT system were shown in Figure 3.32. The average pH values of the triple-labeled
MSN were almost above pH 6.8 (Figure 3.32a, left). To identify the location of the
nanoparticles in HeLa cells, the environment was separately classified according to the
pH ranges. From the previous study73, the pH ranges of the lysosome, late-endosome and
others such as early-endosome and cytosol were respectively considered pH < 5.2, pH 5.2
─ 6.0 and pH > 6.0. The percentages of the three regions occupied by the triple-labeled
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MSN were respectively 90% (pH > 6.0), 7.5% (pH 5.2 ─ 6.0) and 2.5% (pH<5.2) (Figure
3.32a, right). These result obviously suggested the triple-labeled MSN was almost at the
cytoplasm in HeLa cells. On the other hand, the average pH values of the triple-labeled
MSN@PM PEI@L could reach the lower pH value (Figure 3.32b, left) and the ratio in
lysosomes would be increased to 16.7 % (Figure 3.32b, right). This result further verified
the triple-labeled MSN@PM PEI@L can get in the lysosome in HeLa cells.
In order to have better understanding of pH variation of the nanoparticles, the timedependent pH plots are fit with a straight line. The fitting lines were divided into three
types according to the different slopes, separately acidification, basification and
stabilization. The percentages of the three types individually from the triple-labeled MSN
and the triple-labeled MSN@PM PEI@L were shown in Figure 3.33. Only the
stabilization (84%) and the alkalization (15%) can be detected (Figure 3.33a),
representing the triple-labeled MSN has no ability to accumulate in lysosomes. However,
the acidification (12.3%) from triple-labeled MSN@PM PEI@L can be measured (Figure
3.33b), demonstrating the nanoparticles modified with YQRLGC peptide are capable of
turning back to the late endosomes or lysosomes. The histograms from the triple-labeled
MSN@PM PEI@L, classified by the three kinds of pH variation types, were shown in
Figure 3.34. We found the average pH values of the 12.3% of acidification and the 27.9%
of basification were occurred mainly at the pH 6.2 (Figure 3.34a, b). The results indicate
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the probability of entering late-endosomes and escaping from late-endosome is
respectively 12.3% and 27.9%. The lower probability of entering late-endosome would
result in the less accumulation in lysosomes. The occurrence of escaping from lateendosome is due to the proton sponge effect from the plenty of primary amines on the
nanoparticles. On the other hand, the average pH values of the 59.8% of stabilization
shows the partial are at low pH values (pH < 5.2) and at high pH values (> 6.8), and the
major are at the mediate pH value (pH 6) (Figure 3.34c). The result demonstrates the
distribution of the nanoparticles was at lysosomes, late-endosomes, and cytosol after 12h
incubation with HeLa cells. Moreover, the major occupation at late-endosomes is an
important factor for determining whether the nanoparticle can reach the lysosomes or not.
Thus, based on the above results, we deduced the mechanism of the lysosome targeting
of the triple-labeled MSN@PM PEI@L is that the nanoparticles firstly entered the lateendosomes by the assistance of AP-3 complexes, which can recognize the YQRLGC
sequence, and then matured to the lysosomes with a possibility of escaping from the lateendosomes (Figure 3.35).
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Figure 3.26. A representative case of triple-labeled MSN for staying at cytoplasm. The
trajectory of a triple-labeled MSN after 12 hours incubation with HeLa cells as a function
of (a) time and (b) pH value. (c) The corresponding RMS speed variation over time. (d)
The corresponding pH variation over time. The images were taken at 1 frame per 5
seconds.
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Figure 3.27. A representative case of triple-labeled MSN@PM PEI@L for entering lateendosome from cytosol. The trajectory of a triple-labeled MSN@PM PEI@L after 12
hours incubation with HeLa cells as a function of (a) time and (b) pH value. (c) The
corresponding RMS speed variation over time. (d) The corresponding pH variation over
time. The images were taken at 1 frame per 5 seconds.
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Figure 3.28. A representative case of triple-labeled MSN@PM PEI@L for maturing to
the lysosome. The trajectory of a triple-labeled MSN@PM PEI@L after 12 hours
incubation with HeLa cells as a function of (a) time and (b) pH value. (c) The
corresponding RMS speed variation over time. (d) The corresponding pH variation over
time. The images were taken at 1 frame per 5 seconds.
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Figure 3.29. A representative case of triple-labeled MSN@PM PEI@L for staying at
lysosome. The trajectory of a triple-labeled MSN@PM PEI@L after 12 hours incubation
with HeLa cells as a function of (a) time and (b) pH value. (c) The corresponding RMS
speed variation over time. (d) The corresponding pH variation over time. The images
were taken at 1 frame per 5 seconds.
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Figure 3.30. Statistic of average pH values of (a) triple-labeled MSN and (b) triplelabeled MSN@PM PEI@L incubated with HeLa cells for 12 hours. In the right chart, the
colors of red, green and blue separately represent the environment of lysosome (pH<5.2),
late-endosome (pH 5.2 to 6), and others (pH>6) in HeLa cells.

a

b

Figure 3.31. The percentages of the three kinds of the pH variation types of (a) triplelabeled MSN and (b) triple-labeled MSN@PM PEI@L. The colors of red, green and
purple separately represent acidification, basification and stabilization.
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a

c

b

Figure 3.32. Histogram of average pH values of triple-labeled MSN@PM PEI@L
classified by three kinds of pH variation types, (a) acidification, (b) basification and (c)
stabilization.
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Lateendosome

Targeting
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Figure 3.33. Mechanism of the lysosome targeting of the YXXФ-mediated MSNs.
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Conclusion
In summary, we developed the triple-labeled MSNs wich have unique features for
pH sensing, including real-time probing, high sensitivity, good photostability, wide
dynamic

range,

ratiometric

measurements

for

internal

calibration,

reduced

photobleaching, excellent suspension, and single particle tracking. Moreover, we verify
the nanosensors conjugated with a special peptide, YQRLGC, would change the behavior
of the nanoparticles and successfully accumulate in lysosome in living cells by analyzing
the confocal images as well as the pH variations and the motion modes of nanoparticles.
In the future, the lysosome-targeting nanosensors loaded with the specific enzymes will
be a potential platform for enzyme replacement therapy to lysosomal storage disorder.

88

doi:10.6342/NTU201601239

References
1.

Lakadamyali, M.; Rust, M. J.; Babcock, H. P.; Zhuang, X., Visualizing infection of

individual influenza viruses. Proc Natl Acad Sci U S A 2003, 100 (16), 9280-5.
2. Simon, S.; Roy, D.; Schindler, M., Intracellular pH and the control of multidrug
resistance. Proc Natl Acad Sci U S A 1994, 91 (3), 1128-32.
3. (a) Webb, B. A.; Chimenti, M.; Jacobson, M. P.; Barber, D. L., Dysregulated pH: a
perfect storm for cancer progression. Nat Rev Cancer 2011, 11 (9), 671-7; (b) Casey, J.
R.; Grinstein, S.; Orlowski, J., Sensors and regulators of intracellular pH. Nat Rev Mol
Cell Biol 2010, 11 (1), 50-61.
4. Han, J.; Burgess, K., Fluorescent indicators for intracellular pH. Chem Rev 2010,
110 (5), 2709-28.
5. Schindler, M.; Grabski, S.; Hoff, E.; Simon, S. M., Defective pH regulation of acidic
compartments in human breast cancer cells (MCF-7) is normalized in adriamycinresistant cells (MCF-7adr). Biochemistry 1996, 35 (9), 2811-7.
6. Davies, T. A.; Fine, R. E.; Johnson, R. J.; Levesque, C. A.; Rathbun, W. H.; Seetoo,
K. F.; Smith, S. J.; Strohmeier, G.; Volicer, L.; Delva, L.; et al., Non-age related
differences in thrombin responses by platelets from male patients with advanced
Alzheimer's disease. Biochem Biophys Res Commun 1993, 194 (1), 537-43.
7. Benjaminsen, R. V.; Sun, H.; Henriksen, J. R.; Christensen, N. M.; Almdal, K.;
Andresen, T. L., Evaluating nanoparticle sensor design for intracellular pH measurements.
ACS nano 2011, 5 (7), 5864-5873.
8. (a) Loiselle, F. B.; Casey, J. R., Measurement of Intracellular pH. In Membrane
Transporters in Drug Discovery and Development: Methods and Protocols, Yan, Q., Ed.
Humana Press: Totowa, NJ, 2010; pp 311-331; (b) Wray, S., Smooth-Muscle Intracellular
Ph - Measurement, Regulation, and Function. Am J Physiol 1988, 254 (2), C213-C225.
9. Charier, S.; Ruel, O.; Baudin, J. B.; Alcor, D.; Allemand, J. F.; Meglio, A.; Jullien,
L., An efficient fluorescent probe for ratiometric pH measurements in aqueous solutions.
Angew Chem Int Ed Engl 2004, 43 (36), 4785-8.
10. Dennis, A. M.; Rhee, W.; Sotto, D.; Dublin, S. N.; Bao, G., Quantum Dot–
Fluorescent Protein FRET Probes for Sensing Intracellular pH. ACS Nano 2012, 6 (4),
2917-2924.
11. (a) Schulz, A.; Wotschadlo, J.; Heinze, T.; Mohr, G. J., Fluorescent nanoparticles for
ratiometric pH-monitoring in the neutral range. Journal of Materials Chemistry 2010, 20
(8), 1475-1482; (b) Chan, Y. H.; Wu, C.; Ye, F.; Jin, Y.; Smith, P. B.; Chiu, D. T.,
Development of ultrabright semiconducting polymer dots for ratiometric pH sensing.
Anal Chem 2011, 83 (4), 1448-55; (c) Wang, X. D.; Stolwijk, J. A.; Lang, T.; Sperber, M.;
Meier, R. J.; Wegener, J.; Wolfbeis, O. S., Ultra-small, highly stable, and sensitive dual
nanosensors for imaging intracellular oxygen and pH in cytosol. J Am Chem Soc 2012,
89

doi:10.6342/NTU201601239

134 (41), 17011-4.
12. Marin, M. J.; Galindo, F.; Thomas, P.; Russell, D. A., Localized intracellular pH
measurement using a ratiometric photoinduced electron-transfer-based nanosensor.
Angew Chem Int Ed Engl 2012, 51 (38), 9657-61.
13. Peng, H. S.; Stolwijk, J. A.; Sun, L. N.; Wegener, J.; Wolfbeis, O. S., A nanogel for
ratiometric fluorescent sensing of intracellular pH values. Angew Chem Int Ed Engl 2010,
49 (25), 4246-9.
14. He, C.; Lu, K.; Lin, W., Nanoscale metal-organic frameworks for real-time
intracellular pH sensing in live cells. Journal of the American Chemical Society 2014,
136 (35), 12253-12256.
15. Lei, J.; Wang, L.; Zhang, J., Ratiometric pH sensor based on mesoporous silica
nanoparticles and Forster resonance energy transfer. Chem Commun (Camb) 2010, 46
(44), 8445-7.
16. (a) Bach, G.; Chen, C. S.; Pagano, R. E., Elevated lysosomal pH in Mucolipidosis
type IV cells. Clin Chim Acta 1999, 280 (1-2), 173-9; (b) Hara-Chikuma, M.; Wang, Y.;
Guggino, S. E.; Guggino, W. B.; Verkman, A. S., Impaired acidification in early
endosomes of ClC-5 deficient proximal tubule. Biochem Biophys Res Commun 2005, 329
(3), 941-6.
17. Montiel, D.; Yang, H., Real-time three-dimensional single-particle tracking
spectroscopy for complex systems. Laser & Photonics Reviews 2010, 4 (3), 374-385.
18. Saxton, M. J.; Jacobson, K., Single-particle tracking: applications to membrane
dynamics. Annu Rev Biophys Biomol Struct 1997, 26, 373-99.
19. Wells, N. P.; Lessard, G. A.; Goodwin, P. M.; Phipps, M. E.; Cutler, P. J.; Lidke, D.
S.; Wilson, B. S.; Werner, J. H., Time-resolved three-dimensional molecular tracking in
live cells. Nano Lett 2010, 10 (11), 4732-7.
20. Reuel, N. F.; Dupont, A.; Thouvenin, O.; Lamb, D. C.; Strano, M. S., Threedimensional tracking of carbon nanotubes within living cells. ACS Nano 2012, 6 (6),
5420-8.
21. Welsher, K.; Yang, H., Multi-resolution 3D visualization of the early stages of
cellular uptake of peptide-coated nanoparticles. Nat Nanotechnol 2014, 9 (3), 198-203.
22. (a) McHale, K.; Berglund, A. J.; Mabuchi, H., Quantum dot photon statistics
measured by three-dimensional particle tracking. Nano Lett 2007, 7 (11), 3535-9; (b)
Juette, M. F.; Bewersdorf, J., Three-dimensional tracking of single fluorescent particles
with submillisecond temporal resolution. Nano Lett 2010, 10 (11), 4657-63; (c) Han, J.
J.; Kiss, C.; Bradbury, A. R.; Werner, J. H., Time-resolved, confocal single-molecule
tracking of individual organic dyes and fluorescent proteins in three dimensions. ACS
Nano 2012, 6 (10), 8922-32.
23. (a) Kao, H. P.; Verkman, A. S., Tracking of single fluorescent particles in three
dimensions: use of cylindrical optics to encode particle position. Biophys J 1994, 67 (3),
90

doi:10.6342/NTU201601239

1291-300; (b) Holtzer, L.; Meckel, T.; Schmidt, T., Nanometric three-dimensional
tracking of individual quantum dots in cells. Applied Physics Letters 2007, 90 (5), 053902;
(c) Toprak, E.; Balci, H.; Blehm, B. H.; Selvin, P. R., Three-dimensional particle tracking
via bifocal imaging. Nano Lett 2007, 7 (7), 2043-5; (d) Huang, B.; Wang, W.; Bates, M.;
Zhuang, X., Three-dimensional super-resolution imaging by stochastic optical
reconstruction microscopy. Science 2008, 319 (5864), 810-3; (e) Li, Y.; Hu, Y.; Cang, H.,
Light sheet microscopy for tracking single molecules on the apical surface of living cells.
J Phys Chem B 2013, 117 (49), 15503-11.
24. Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S., Ordered
Mesoporous Molecular-Sieves Synthesized by a Liquid-Crystal Template Mechanism.
Nature 1992, 359 (6397), 710-712.
25. (a) Trewyn, B. G.; Giri, S.; Slowing, II; Lin, V. S., Mesoporous silica nanoparticle
based controlled release, drug delivery, and biosensor systems. Chem Commun (Camb)
2007, (31), 3236-45; (b) Lee, C.-H.; Lin, T.-S.; Mou, C.-Y., Mesoporous materials for
encapsulating enzymes. Nano Today 2009, 4 (2), 165-179; (c) Argyo, C.; Weiss, V.;
Bräuchle, C.; Bein, T., Multifunctional Mesoporous Silica Nanoparticles as a Universal
Platform for Drug Delivery. Chemistry of Materials 2014, 26 (1), 435-451.
26. Lin, H. P.; Mou, C. Y., Structural and morphological control of cationic surfactanttemplated mesoporous silica. Acc Chem Res 2002, 35 (11), 927-35.
27. Nooney, R. I.; Thirunavukkarasu, D.; Chen, Y. M.; Josephs, R.; Ostafin, A. E.,
Synthesis of nanoscale mesoporous silica spheres with controlled particle size. Chemistry
of Materials 2002, 14 (11), 4721-4728.
28. Zhao, D. Y.; Huo, Q. S.; Feng, J. L.; Chmelka, B. F.; Stucky, G. D., Nonionic triblock
and star diblock copolymer and oligomeric surfactant syntheses of highly ordered,
hydrothermally stable, mesoporous silica structures. Journal of the American Chemical
Society 1998, 120 (24), 6024-6036.
29. He, Q. J.; Zhang, Z. W.; Gao, Y.; Shi, J. L.; Li, Y. P., Intracellular Localization and
Cytotoxicity of Spherical Mesoporous Silica Nano- and Microparticles. Small 2009, 5
(23), 2722-2729.
30. Hoffmann, F.; Cornelius, M.; Morell, J.; Froba, M., Silica-based mesoporous
organic-inorganic hybrid materials. Angew Chem Int Edit 2006, 45 (20), 3216-3251.
31. Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge, C. T.; Schmitt, K.
D.; Chu, C. T. W.; Olson, D. H.; Sheppard, E. W.; Mccullen, S. B.; Higgins, J. B.;
Schlenker, J. L., A New Family of Mesoporous Molecular-Sieves Prepared with LiquidCrystal Templates. Journal of the American Chemical Society 1992, 114 (27), 1083410843.
32. Lin, Y. S.; Tsai, C. P.; Huang, H. Y.; Kuo, C. T.; Hung, Y.; Huang, D. M.; Chen, Y.
C.; Mou, C. Y., Well-ordered mesoporous silica nanoparticles as cell markers. Chemistry
of Materials 2005, 17 (18), 4570-4573.
91

doi:10.6342/NTU201601239

33. Wu, S. H.; Hung, Y.; Mou, C. Y., Mesoporous silica nanoparticles as nanocarriers.
Chem Commun (Camb) 2011, 47 (36), 9972-85.
34. Wu, S.-H.; Mou, C.-Y.; Lin, H.-P., Synthesis of mesoporous silica nanoparticles.
Chemical Society Reviews 2013, 42 (9), 3862-3875.
35. Wang, Y.; Caruso, F., Enzyme encapsulation in nanoporous silica spheres. Chem
Commun (Camb) 2004, (13), 1528-9.
36. Lee, C. H.; Cheng, S. H.; Wang, Y. J.; Chen, Y. C.; Chen, N. T.; Souris, J.; Chen, C.
T.; Mou, C. Y.; Yang, C. S.; Lo, L. W., Near-Infrared Mesoporous Silica Nanoparticles
for Optical Imaging: Characterization and In Vivo Biodistribution. Adv Funct Mater 2009,
19 (2), 215-222.
37. Vivero-Escoto, J. L.; Huxford-Phillips, R. C.; Lin, W., Silica-based nanoprobes for
biomedical imaging and theranostic applications. Chem Soc Rev 2012, 41 (7), 2673-85.
38. Yang, P. P.; Gai, S. L.; Lin, J., Functionalized mesoporous silica materials for
controlled drug delivery. Chemical Society Reviews 2012, 41 (9), 3679-3698.
39. Liu, R.; Liao, P.; Liu, J.; Feng, P., Responsive polymer-coated mesoporous silica as
a pH-sensitive nanocarrier for controlled release. Langmuir 2011, 27 (6), 3095-9.
40. Chen, Y.-P.; Chen, H.-A.; Hung, Y.; Chien, F.-C.; Chen, P.; Mou, C.-Y., Surface
charge effect in intracellular localization of mesoporous silicananoparticles as probed by
fluorescent ratiometric pH imaging. RSC Adv. 2012, 2 (3), 968-973.
41. (a) Kay, E. R.; Lee, J.; Nocera, D. G.; Bawendi, M. G., Conformational control of
energy transfer: a mechanism for biocompatible nanocrystal-based sensors. Angew Chem
Int Ed Engl 2013, 52 (4), 1165-9; (b) Snee, P. T.; Somers, R. C.; Nair, G.; Zimmer, J. P.;
Bawendi, M. G.; Nocera, D. G., A ratiometric CdSe/ZnS nanocrystal pH sensor. Journal
of the American Chemical Society 2006, 128 (41), 13320-13321.
42. Stein, A.; Melde, B. J.; Schroden, R. C., Hybrid Inorganic–Organic Mesoporous
Silicates—Nanoscopic Reactors Coming of Age. Advanced Materials 2000, 12 (19),
1403-1419.
43. Wraith, J. E., Lysosomal disorders. Semin Neonatol 2002, 7 (1), 75-83.
44. Todde, V.; Veenhuis, M.; van der Klei, I. J., Autophagy: principles and significance
in health and disease. Biochim Biophys Acta 2009, 1792 (1), 3-13.
45. Cullen, V.; Sardi, P.; Ng, J.; Xu, Y. H.; Sun, Y.; Tomlinson, J. J.; Kolodziej, P.; Kahn,
I.; Saftig, P.; Woulfe, J.; Rochet, J. C.; Glicksman, M. A.; Cheng, S. H.; Grabowski, G.
A.; Shihabuddin, L. S.; Schlossmacher, M. G., Acid beta-Glucosidase Mutants Linked to
Gaucher Disease, Parkinson Disease, and Lewy Body Dementia Alter alpha-Synuclein
Processing. Ann Neurol 2011, 69 (6), 940-953.
46. Boyd, R. E.; Lee, G.; Rybczynski, P.; Benjamin, E. R.; Khanna, R.; Wustman, B. A.;
Valenzano, K. J., Pharmacological chaperones as therapeutics for lysosomal storage
diseases. J Med Chem 2013, 56 (7), 2705-25.
47. Ohashi, T., Enzyme replacement therapy for lysosomal storage diseases. Pediatric
92

doi:10.6342/NTU201601239

endocrinology reviews : PER 2012, 10 Suppl 1, 26-34.
48. Muro, S.; Schuchman, E. H.; Muzykantov, V. R., Lysosomal enzyme delivery by
ICAM-1-targeted nanocarriers bypassing glycosylation- and clathrin-dependent
endocytosis. Mol Ther 2006, 13 (1), 135-41.
49. Hsu, J.; Northrup, L.; Bhowmick, T.; Muro, S., Enhanced delivery of alphaglucosidase for Pompe disease by ICAM-1-targeted nanocarriers: comparative
performance of a strategy for three distinct lysosomal storage disorders. Nanomedicine
2012, 8 (5), 731-9.
50. Vivero-Escoto, J. L.; Slowing, II; Trewyn, B. G.; Lin, V. S., Mesoporous silica
nanoparticles for intracellular controlled drug delivery. Small 2010, 6 (18), 1952-67.
51. Prokop, A.; Davidson, J. M., Nanovehicular intracellular delivery systems. Journal
of pharmaceutical sciences 2008, 97 (9), 3518-90.
52. Slowing, I.; Trewyn, B. G.; Lin, V. S. Y., Effect of surface functionalization of
MCM-41-type mesoporous silica nanoparticleson the endocytosis by human cancer cells.
Journal of the American Chemical Society 2006, 128 (46), 14792-14793.
53. Boussif, O.; Lezoualch, F.; Zanta, M. A.; Mergny, M. D.; Scherman, D.; Demeneix,
B.; Behr, J. P., A Versatile Vector for Gene and Oligonucleotide Transfer into Cells in
Culture and in-Vivo - Polyethylenimine. P Natl Acad Sci USA 1995, 92 (16), 7297-7301.
54. Xia, T. A.; Kovochich, M.; Liong, M.; Meng, H.; Kabehie, S.; George, S.; Zink, J.
I.; Nel, A. E., Polyethyleneimine Coating Enhances the Cellular Uptake of Mesoporous
Silica Nanoparticles and Allows Safe Delivery of siRNA and DNA Constructs. Acs Nano
2009, 3 (10), 3273-3286.
55. Bhattarai, S. R.; Muthuswamy, E.; Wani, A.; Brichacek, M.; Castaneda, A. L.; Brock,
S. L.; Oupicky, D., Enhanced gene and siRNA delivery by polycation-modified
mesoporous silica nanoparticles loaded with chloroquine. Pharm Res 2010, 27 (12),
2556-68.
56. Hartono, S. B.; Gu, W. Y.; Kleitz, F.; Liu, J.; He, L. Z.; Middelberg, A. P. J.; Yu, C.
Z.; Lu, G. Q.; Qiao, S. Z., Poly-L-lysine Functionalized Large Pore Cubic Mesostructured
Silica Nanoparticles as Biocompatible Carriers for Gene Delivery. Acs Nano 2012, 6 (3),
2104-2117.
57. Ekkapongpisit, M.; Giovia, A.; Follo, C.; Caputo, G.; Isidoro, C., Biocompatibility,
endocytosis, and intracellular trafficking of mesoporous silica and polystyrene
nanoparticles in ovarian cancer cells: effects of size and surface charge groups. Int J
Nanomedicine 2012, 7, 4147-58.
58. Wu, S.; Li, Z.; Han, J.; Han, S., Dual colored mesoporous silica nanoparticles with
pH activable rhodamine-lactam for ratiometric sensing of lysosomal acidity. Chem
Commun (Camb) 2011, 47 (40), 11276-8.
59. He, Q.; Zhang, Z.; Gao, Y.; Shi, J.; Li, Y., Intracellular localization and cytotoxicity
of spherical mesoporous silica nano- and microparticles. Small 2009, 5 (23), 2722-9.
93

doi:10.6342/NTU201601239

60. Braulke, T.; Bonifacino, J. S., Sorting of lysosomal proteins. Biochim Biophys Acta
2009, 1793 (4), 605-14.
61. Bonifacino, J. S.; Traub, L. M., Signals for sorting of transmembrane proteins to
endosomes and lysosomes. Annu Rev Biochem 2003, 72, 395-447.
62. Harter, C.; Mellman, I., Transport of the Lysosomal Membrane GlycoproteinLgp120 (Lgp-a) to Lysosomes Does Not Require Appearance on the Plasma-Membrane.
J Cell Biol 1992, 117 (2), 311-325.
63. DellAngelica, E. C.; Ohno, H.; Ooi, C. E.; Rabinovich, E.; Roche, K. W.; Bonifacino,
J. S., AP-3: An adaptor-like protein complex with ubiquitous expression. Embo J 1997,
16 (5), 917-928.
64. Dell'Angelica, E. C.; Klumperman, J.; Stoorvogel, W.; Bonifacino, J. S., Association
of the AP-3 adaptor complex with clathrin. Science 1998, 280 (5362), 431-434.
65. Peden, A. A.; Oorschot, V.; Hesser, B. A.; Austin, C. D.; Scheller, R. H.;
Klumperman, J., Localization of the AP-3 adaptor complex defines a novel endosomal
exit site for lysosomal membrane proteins. J Cell Biol 2004, 164 (7), 1065-76.
66. Dekiwadia, C. D.; Lawrie, A. C.; Fecondo, J. V., Peptide-mediated cell penetration
and targeted delivery of gold nanoparticles into lysosomes. J Pept Sci 2012, 18 (8), 52734.
67. Tsou, C.-J.; Hsia, C.-H.; Chu, J.-Y.; Hung, Y.; Chen, Y.-P.; Chien, F.-C.; Chou, K. C.;
Chen, P.; Mou, C.-Y., Local pH tracking in living cells. Nanoscale 2015, 7 (9), 4217-4225.
68. Lipka, J.; Semmler-Behnke, M.; Sperling, R. A.; Wenk, A.; Takenaka, S.; Schleh, C.;
Kissel, T.; Parak, W. J.; Kreyling, W. G., Biodistribution of PEG-modified gold
nanoparticles following intratracheal instillation and intravenous injection. Biomaterials
2010, 31 (25), 6574-6581.
69. Ma, L. Y.; Wang, H. Y.; Xie, H.; Xu, L. X., A long lifetime chemical sensor: study
on fluorescence property of fluorescein isothiocyanate and preparation of pH chemical
sensor. Spectrochim Acta A Mol Biomol Spectrosc 2004, 60 (8-9), 1865-72.
70. Sjöback, R.; Nygren, J.; Kubista, M., Absorption and fluorescence properties of
fluorescein. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy
1995, 51 (6), L7-L21.
71. Clark, H. A.; Hoyer, M.; Philbert, M. A.; Kopelman, R., Optical nanosensors for
chemical analysis inside single living cells. 1. Fabrication, characterization, and methods
for intracellular delivery of PEBBLE sensors. Anal Chem 1999, 71 (21), 4831-6.
72. Barriere, H.; Lukacs, G. L., Analysis of endocytic trafficking by single-cell
fluorescence ratio imaging. Curr Protoc Cell Biol 2008, Chapter 15, Unit 15 13.
73. Yameen, B.; Choi, W. I.; Vilos, C.; Swami, A.; Shi, J.; Farokhzad, O. C., Insight into
nanoparticle cellular uptake and intracellular targeting. J Control Release 2014, 190, 48599.
94

doi:10.6342/NTU201601239

