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ABSTRACT

PEBBLE Nanosensors for Intracellular Imaging and Analysis of Free Calcium and Zinc

by
Di Si

Chair: Raoul Kopelman

Ca’*is a universal second messenger and plays a major role in intracellular
signaling, metabolism and a wide range of cellular processes. To date, the most
successful approach for intracellular Ca** measurement involves the introduction of
optically sensitive Ca** indicators into living cells, combined with digital imaging
microscopy. However, the use of free Ca** indicators for intracellular sensing and
imaging has several limitations, such as interference from cellular small ions and

biomacromolecules, and unwanted sequestration of the indicator molecules.

Zinc is the second most abundant trace element in the human body. It is an
essential component of all six classes of enzymes and several families of regulatory
proteins. Zinc deficiencies and excesses were found to be related to a number of health

issues. Due to the importance of zinc in the human body, many fluorescent Zn?*

xi



indicators have been developed. Among these indicators, carbonic anhydrase (CA) and
its mutants are particularly useful for intracellular Zn* sensing, because of their

outstanding and tunable sensitivity (picomolar level), selectivity and binding kinetics.

In this work, PEBBLE nanosensors have been developed for intracellular
measurements of free Ca®* and Zn*". The general design, matrices and the advantages of
PEBBLE nanosensors are briefly reviewed in Chapter 1. Chapter 2 describes the
preparation, characterization and intracellular application of PEBBLE nanosensors
encapsulated with rhodamine based Ca?* fluorescence indicators. The K4 of Rhod-2
inside PEBBLEs is determined to be 500~600 nM for in-solution calibration and 1 uM for
in-cell calibration. Chapter 3 describes the preparation and purification of CA
encapsulated PEBBLEs; the active CA encapsulation is about 28%. Chapter 4 describes
zinc sensing performed by CA encapsulated and conjugated PEBBLEs. The Zn** binding
affinity of the CA conjugated on PEBBLE surface is determined to be 9 pM, while the Zn**
sensing by CA encapsulated PEBBLEs is not successful. Chapter 5 summarizes the

conclusions and limitations of this work, and proposes future experiments for

developing novel PEBBLE nanosensors.
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Chapter 1

Introduction

Biological imaging with optical methods, such as fluorescence and Raman
scattering, to study the biochemistry and biophysics at a single cell level, has been an
active research field for decades. Fluorescence and surface-enhanced Raman scattering
(SERS) enable the remote detection or sensing of analytes through a minimally-invasive
procedure that can provide spatial and temporal resolution. Fluorescence has been a
major technique for intracellular analysis due to its high sensitivity. Recently, SERS has
also been developed for intracellular measurements, and it is complementary to

-62
luorescence methods %62,

Although fluorescence spectroscopy and microscopy do not provide molecular
details as traditional vibrational spectroscopy does, their abilities for non-destructive
and real time sensing make them particularly useful for imaging biological samples. Due
to the tremendous advances in computer based imaging processing technologies and
the abundance of commercially available fluorescent molecular probes [1], significant
progress has been achieved in the visualization of biological processes by using

fluorescence microscopy. These molecular probes are advantageous for real-time cell



imaging because they exhibit fast responses and intense signals, with relatively low
background noise, and they require simple instruments for data acquisition, i.e. a simple

instrumental setup on a regular epifluorescence microscopy.

However, the use of free indicator dyes for intracellular imaging has several
disadvantages [2-41, 1) Most of the commercially available indicators are not ratiometric;
although the equivalent to ratiometric measurements can also be achieved by lifetime
and phase-sensitive detection, these two methods are much less commonly used than
fluorescence intensity based detection. 2) Some indicators chemically perturb the cells
and thus have the potential for subverting pertinent biochemical processes or may
exhibit cytotoxicity. 3) Unwanted compartmentalization or sequestration of the dye
affects the reliability of their intracellular measurements. 4) Nonspecific binding of the
probes to proteins, membranes and other cellular components often induces artifacts to
the measurements, by affecting the intensity or binding affinity of the probes. 5) The
indicators are often actively pumped by g-glycolproteins or leak out of the cells, since
they are small molecules. 6) The proper derivatization is sometimes required for the
indicator dyes to become cell-permeable forms and the derivatization of the dye
molecule might affect their sensing properties. 7) For in vivo applications, the delivery of
the indicator dye is usually not controllable and only a subset of the probes would reach
a specific location of interest; and crossing biological barriers, such as the blood-brain

barrier is also a problem.



The development of PEBBLEs (Photonic Explorers by Biologically Localized
Embedding) has provided a new type of biological imaging method. The physical
perturbation to the cells caused by the PEBBLEs is minimal due to their small sizes (~ 20-
200 nm spheres) as a 20-nm particle is 8-9 orders of magnitude smaller in volume than a
typical mammalian cell (21, Also, the inert, non-toxic particle matrices cause minimal
chemical perturbation to cells (2,5 Furthermore, nanoparticles can be delivered into
cells by using a variety of methods, as shown in Figure 1.1. Nanoparticles can be
engulfed by the cells through nonspecific endocytosis, due to their nanometer size, or
through receptor mediated endocytosis by conjugating translocating proteins or
peptides such as F3-peptide on the particle surfaces 7%\, The TAT peptide, from the
HIV virus, is able to cross the cell membrane in an energy independent manner and with
no discernible cytotoxicity issues 401 It has been reported that PEBBLEs with TAT
peptide conjugated on the particle surfaces can be translocated through the cell
membrane and thus enter the cells > %!, PEBBLEs have also been successfully delivered
into cells by gene gun and the cell viability after gene gun delivery was found to be
around 99% compared to that of the control cells B, Pico-injection has been used to
inject picoliter volumes of solution containing nanoparticles into single cells. However,
since each cell must be individually injected, this method is very time consuming and
labor intensive ). In the liposome delivery method, PEBBLEs are first incubated with
commercially available liposomes and the liposomes are then placed in the cell culture
where the liposomes fuse with the cell membrane and release the PEBBLEs into the cells

2 Among all these methods, the nonspecific or receptor mediated (F3 peptide)



endocytosis and the TAT peptide delivery are the most commonly used methods in our
lab due to their biocompatibility to cells and their straightforward preparation. The
minimal physical and chemical perturbations to the cells caused by PEBBLEs were
demonstrated by cell viability test after the PEBBLEs were delivered by gene gun, and

the cell viability was found to be 99% compared to that of control cells 51,

In summary, PEBBLEs have many advantages for intracellular sensing because of
their small size, nontoxicity and excellent engineerability: 1) By incorporating both the
sensing indicators and the reference dyes in the PEBBLESs, ratiometric measurements
can be easily achieved. Ratiometric measurement is probably the best way for
fluorescence intensity (rather than lifetime) based methods, because it cancels out
variations in dye concentration, path length and optical instabilities. A number of
fluorescent probes exhibit small or even no excitation or emission shifts, but only
intensity changes upon binding to the analytes. For these probes, co-loading in the
PEBBLEs with a reference dye enables ratiomatric measurements. 2) The inert polymer
matrix of the PEBBLEs protects the cellular environment from any potential toxicity of
the indicators and, vice versa, protects the indicators from cell components. The particle
matrix also reduces or eliminates the sequestration of the indicator and nonspecific
binding of the indicator to proteins. 3) The high surface-to-volume ratio of the PEBBLEs,
and its small size, grant the analytes high and fast accessibility to the indicators,
resulting in a fast response time. 4) The excellent engineer-ability enables the
conjugation of biomacromolecules, such as proteins or targeting peptides, so that the

PEBBLEs can be delivered to specific cell types or specific organelles inside cells (2



Significant progress has been made in the intracellular sensing and imaging by
using free indicators and, more recently, by using PEBBLEs. Both methods have their
advantages and limitations. As for PEBBLEs, although encapsulated sensing indicators
are protected by the PEBBLE matrix from interference by cellular biomacromolecules,
small ions (i.e. H) can still diffuse into PEBBLEs and affect the indicators. Another
important limitation of PEBBLEs is that most the PEBBLE delivery methods can only
deliver PEBBLEs into the cytosol, except that in gene-gun delivery, PEBBLEs are “shot”
into cells more homogenously. Although targeted delivery of PEBBLEs into cellular
organelles, such as mitochondria, has become part of our ongoing research, free

indicators are currently more useful for sensing and imaging inside organelles.

A variety of particle matrices have been developed and utilized for intracellular
optical sensing and these matrices exhibit excellent chemical stability and
biocompatibility. These matrices include polyacrylamide, silica, etc. Among these, PAA
has been the most commonly used matrix for intracellular sensing in our lab’s work and
it has been extensively studied and reviewed 291 The typical size distribution of the
PAA PEBBLEs prepared by the traditional preparation procedure is usually between 20-
80 nm, as characterized by SEM, TEM or Dynamic Light Scattering (DLS) (291 we note
that a PEBBLE showing a 20 nm size by electron microscopy may show a size of 50 nm by
DLS, due to swelling in solution. By adjusting the reaction conditions during the particle
synthesis, i.e. the type and the amount of surfactants, the amount of initiators and
reaction time, the size of PAA PEBBLEs can be fine-tuned between 20-200 nm (examples

will be shown in Chapter 3 of this work). PAA PEBBLEs were prepared by a reverse



1. 19 with

micelle microemulsion polymerization technique established by Candau et a
some modifications. This reverse micelle microemulsion, also referred to as water-in-oil
(W/0) microemulsion, is a thermodynamically stable liquid media with an aqueous
phase homogenously compartmentalized by surfactants as nanometer-sized micelles in
a continuous oil phase such as hexane. These micelles act as nano-reactors for the
polymerization reaction of acrylamide monomers and crosslinkers ). It has been
reported that the PAA nanoparticles can also be synthesized with different functional
groups such as amino or carboxyl groups, depending on the functionalized monomers

(11 These functionalized PEBBLES can be used for

added to the polymerization mixture
covalently conjugating peptides and biomacromolecules, such as proteins or enzymes.
For instance, amine-functionalized PAA nanoparticles can be prepared by using a
mixture of monomers, acrylamide monomer, amine-functionalized monomer APMA (N-
(3-aminopropyl) methacrylamide hydrochloride), and crosslinker GDMA (glycerol
dimethacrylate) that forms the aqueous cores of the micellar droplets. The
polymerization occurs after the addition of polymerization initiators, TEMED (N,N,N’,N’-
tetraethylmethylenediamine) and ammonium persulfate, and thus forms particles. The

sensing indicators can be immobilized into the PEBBLEs by encapsulation, covalent

linkage, physical absorption, etc.

Fluorescence indicator dyes have been encapsulated in PAA PEBBLEs for sensing
pH [8, 12], Ca2+ [12-13]’ Mg2+ [14-15]’ an+ [16], Fe3+ [17], Cu+/2+ [18]’ OH radicals [19]’ oxygen, and

glucose 201 '|n these PEBBLE nanosensors, a reference dye that is not sensitive to the



analyte, is also incorporated into the PEBBLEs so as to achieve ratiometric

measurements.

Silica nanoparticles have been produced by the sol-gel process which was first
established by Stober et al. B In a basic environment, the precursor, usually TMOS
(tetramethyl orthosilicate) or TEOS (tetraethyl orthosilicate), undergoes a hydrolysis and
condensation reaction to form the silica network, and therefore produces silica
nanoparticles. Silica-based PEBBLEs have been developed for the determination of
intracellular molecular oxygen B2l and pH 521, Additionally, silica matrix has been utilized
for immobilizing enzymes, such as protease, glucose oxidase, horse radish peroxide
(HRP), catalase, lysozyme and phosphatase, for the purposes of biosensing and

biocatalysis >,

Other matrices, such as organically modified silicates (ormosil) particles have

been utilized for sensing dissolved oxygen 381 singlet oxygen 34 hydrogen peroxide [35]

and intracellular electric field . Poly(decylmethacrylate) PEBBLEs have been

+ [22] cr [23] [24].

developed and utilized for sensing K" **, Na , and dissolved oxygen

Poly(ethylene glycol) hydrogel spheres containing horseradish peroxidase have been
fabricated for sensing hydrogen peroxide (251, Poly(methacrylate) particles have been
utilized for the determination of metronidazole 1%°!. Poly(n-butylacrylate) nanospheres

have been developed for sensing K* 271, Polystyrene nanobeads have been utilized for

28-29] [30]

monitoring intracellular oxygen [ and pH



In this work, PEBBLE nanosensors were fabricated and applied for the
intracellular sensing of free Ca’*and zn*". Ca** plays an important role in the physiology
and biochemistry of mammalian organisms and cells. It acts as a second messenger in
signal transduction pathways where it is the key to many cellular processes and
functions such as neurotransmitter release from neurons, muscle contractions, cell
metabolism and fertilization, gene expression, and many enzymes require Ca** as a
cofactor *#* Free Ca®* levels in cells are tightly regulated by varieties of Ca** “buffering
pools” such as mitochondria, the smooth sarcoplasmic reticulum, Ca®*-binding
membrane components and proteins, while the internal free Ca** is controlled by the
cells at the optimal 100-200 nM level **!, In Chapter 2, the development and
intracellular application of polyacrylamide PEBBLEs encapsulating rhodamine-based Ca**

indicators will be discussed.

Zinc is the second most prevalent trace element found in the human body after
iron. It is an essential component of all six classes of enzymes and several families of

44481 |n most of these enzymes, zinc is directly involved in the

regulatory proteins
catalysis of substrates; for other enzymes and proteins, zinc is a purely structural
component that preserves the integrity of subcellular organelles. These zinc containing
enzymes and proteins are involved in virtually all aspects of the metabolism.
Additionally, zinc plays a key role in gene expression; 46 genes have been identified to
have transcriptional level changes in response to variations in the extracellular zinc

concentration 7). Zinc deficiencies and excesses were found to be related to a number

of health issues. Zinc deficiency plays a key role in the pathogenesis of acrodermatitis



enteropathica in infants, which is fatal without treatment but can be treated by dietary
zinc supplementation 8 Zinc deficiency also causes growth retardation,
gastrointestinal disorders, defects in reproductive organs, dysfunction of the immune
system and dermatological lesions 431 Zinc excess may cause nausea, drowsiness and
symptoms of copper deficiency due to the decreased absorption of copper in the
presence of large amounts of zinc 59 Zinc is also important in the development of
chronic diseases such as Alzheimer’s disease, diabetes and asthma (51, Although zinc is
found to be implicated with a number of diseases, its full purpose in the human body

still remains unclear.

Chapter 3 will be focusing on the method development of immobilizing a zinc-
sensing enzyme, carbonic anhydrase in PAA nanoparticles. In the traditional PAA PEBBLE
preparation method, a mixture of an anionic surfactant, AOT (Sodium dioctyl
sulfosuccinate) and a nonionic surfactant, Brij 30 was used to stabilize the
microemulsion and keep the initial monomer micelles at the nanometer size, which
controls the size of the produced particles also at the nanometer level. Additionally, the
size of the resulting particles can be fine-tuned by varying the amount of surfactants,
initiators, the water/oil ratio or the temperature of the reaction 510 ‘While the
traditional synthetic method of PAA nanoparticles have been successful for
encapsulating not only molecular dyes but also enzymes like glucose oxidase, it did
deactivate the encapsulated carbonic anhydrase, which is probably due to current
surfactants, AOT (Sodium dioctyl sulfosuccinate) and Brij30. Therefore we have

expanded the choices of surfactant systems to a wide range of nonionic surfactants,



which make the resulting nanoparticles more hydrophilic and more biocompatible. In
Chapter 4, the application of the carbonic anhydrase immobilized PEBBLEs for zinc

sensing will be discussed.

At last, Chapter 5 will summarize the conclusions and the limitations of this
work as well as propose some future experiments for developing novel PEBBLE

nanosensors.

10
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Chapter 2

Calcium Sensing and Imaging Using Polyacrylamide Nanoparticles Encapsulated with
Rhodamine Based Calcium Indicators

Introduction

As a universal second messenger that transmits and processes information inside
a variety of cells, Ca®* plays a major role in intracellular signaling, muscle contraction,
metabolism and a wide range of cellular processes such as fertilization, apoptosis, gene
expression and neurotransmitter release. The Ca”" ion was chosen by evolution as a
ligand because of its unique properties. The charge and size (2 A in diameter) of Ca**
allows it to accept binding sites in scores of complex biological molecules such as
proteins. These cellular proteins bind to ca® tightly to maintain the free Ca’* at low
levels, since Ca** precipitates phosphate which is the established cellular energy
currency; or in other cases so as to trigger second messenger pathways. The well-

. . . . . . 1-
known basic concepts of calcium signaling have been extensively reviewed [1-s1,

The total calcium content in resting cells is typically 1-7 mM Bl but almost all of
the total cellular calcium (>99.9%) is stored in organelles, for instance in mitochondria
and the smooth sarcoplasmic reticulum. Mitochondria can transiently take up Ca** for

later release, contributing to calcium homeostasis. Additionally, cellular ca* buffering is
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also facilitated by ca® binding to membrane components, cytosolic metabolites and
cytosolic Ca2+—binding proteins. Through these means, cells regulate the internal free
Ca®" at the optimal 100-200 nM level [2], which is 20,000 fold lower than extracellular

Ca* level.

The Ca®* signal is evanescent in its nature as increases in cytosolic ca® dissipate
rapidly due to diffusion. Also various “buffering pools” help to maintain a low Ca** level.
Because changes in cytosolic Ca?* concentration are transitory, the monitoring of the
intracellular Ca** signals necessitates direct measurements in intact living cells. To date,
the most successful approach for intracellular Ca®* measurement is by the introduction
of optically sensitive Ca** probes into living cells, combined with digital imaging

microscopy.

The development of chemical fluorescence probes has been a breakthrough for
monitoring Ca*" inside living cells 691 These probes were synthesized by adding a
chromophore onto the molecule BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid). Ca®* binds to the carboxylic cage of BATPA and induces a fluorescence
change. A variety of chemical fluorescence probes are commercially available. These
probes are available in ratiometric or non-ratiometric forms, with a wide range of
excitation and emission wavelengths, as well as Ca** binding affinity, and are available in
various forms such as cell impermeable salts, as well as cell permeable AM
(acetoxymethyl) ester and dextran conjugates. Of these Indo-1 and Fura-2 are the most

commonly used ratiometric probes (81, However, the use of these two dyes requires UV
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excitation which causes much cell or tissue autofluorescence in many situations. It also
has been reported that both dyes degenerate into Ca**-insensitive fluorescent
compounds due to the UV illumination . This can lead to inaccurate measurements.
Visible wavelength excitation is more favorable since it causes less cellular
autofluorescence and less damage to the cells or tissues. To that end, indicators with
visible excitation such as Fluo-3, calcium green and Rhod-2 have also been widely used

for intracellular Ca** measurements.

Rhod-2 is a rhodamine-based Ca?* indicator developed by Tsien and co-workers
Bl Rhod-2 is often used for in situ measurement of Ca®* level in brain cells, cardiac cells
or in organs, such as perfused mouse or rabbit heart & pecause the long excitation
wavelength gives better tissue penetration and induces less background
autofluorescence. Additionally, Rhod-2 has been used for measurements of
mitochondrial Ca®* levels because the AM (acetoxymethyl) ester form of Rhod-2, which

is positively charged, tends to be accumulated and trapped in mitochondria [15, 18]

The major limitation of Rhod-2 is the lack of shift of absorbance, excitation or
emission wavelength upon Ca®* binding . therefore the dye by itself is not ratiometric.
Ratiometric measurement is probably the best way for fluorescence intensity (rather
than lifetime) based methods, for achieving accurate monitoring of calcium levels in
living cells, because it cancels out variations in dye concentration, path length and
optical instabilities. Although the dye is highly sensitive by itself, the fluorescence

intensity cannot be accurately converted to Ca®* levels without retiometric
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measurements, unless the dye concentration, path length, and instrumental sensitivity
are precisely known. For solution tests in cuvettes, these conditions can be easily
achieved; but it is almost impossible to reproduce them in single cell test without lysing

[9, 12,13, 15] is to

the cells and titrating the dye in the supernatant. An alternative route,
monitor the fluorescence change over time during cell stimulation or other
manipulation. Such a method at least cancels out variations in dye concentration and
path length, and enables accurate measurements of the change in Ca’* concentration.

But, of course, the intracellular Ca** is not calculated as absolute levels but only relative

to the pre-treatment values.

Ratiometric measurements can also be achieved effectively through the use of
fluorescence lifetime imaging (FLIM), as reported by Lakowicz and co-workers 7*!. The
local decay times can be resolved into a composition of free and bound form of the dye
molecule and therefore reveal the free Ca®*. The FLIM method allows images to be
generated by the local lifetime, which is independent of dye concentration, rather than
by local fluorescence intensity. For this reason, the need for ratiometric probes can be
bypassed. Unfortunately, for dyes like Rhod-2 or Fluo-3, their lifetimes are in the
picosecond range for the free and bound form 91, Consequently, for this method, an
instrument with picosecond resolution is required, which is not what is available with

standard confocal microscopes.

. . 2 .
Other problems encountered when measuring intracellular Ca*" using the above

fluorescent molecular probes are: 1). Cytotoxicity; some probes may be toxic to some
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type of cells. For example, it has been reported that sea urchin eggs loaded with Fluo-3
do not develop normally 14, 20] 2). Unwanted compartmentalization due to sequestration;
one of the most important issues in the use of chemical fluorescence probes is that the
indicators are not homogeneously distributed throughout the whole cell but are

trapped or sequestered within some organelles % 3. The level of Ca** in a given
compartment is usually not the same as in the cytosol, therefore compartmentalization
would result in inaccurate measurements of cytosolic Ca?*. 3). Binding to other ions and
proteins; many of the probes bind with intracellular proteins and thus undergo changes
2+ [4, 11,

in their diffusion constant, emission spectra, reaction kinetics, and their Ky for Ca

4,10, 22
[ ], or

211 Additionally, all of these indicators are affected by pH, to various degrees

by other divalent cations, such as Mg**, Mn**, Co**, Zn%, etc * 911 23

. 4). Indicator dye
leakage from the cytosol to the extracellular medium. This leakage is regulated by anion
transport systems, and the leaking rate is dependent on temperature, the cell type and

the dye itself 4,

By loading these probes into a particle’s matrix, most of these issues are
minimized or totally eliminated. First of all, although some of the probes are not
ratiometric by themselves, the PEBBLE nanosensors can be constructed to be
ratiometric by encapsulating or conjugating a reference dye. Other issues, like
cytotoxicity, non-specific binding with intracellular proteins, and dye leakage to the
extracellular medium are prevented since the dye molecule is trapped in the particle
matrix and is not in direct contact with the cellular contents (except those diffusing in,

e.g. small ions). Therefore, both the dye and the cellular environment are largely
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protected from each other [24, 2] Also, the PEBBLE matrix is a well defined environment,
with a well defined K4 that can be calibrated in a test-tube and still be valid anywhere
inside the cell. Furthermore, the PEBBLE nanosensors can be targeted to specific cell

compartments, avoiding the problem of sequestration 2%,

Confocal microscopy has been one of the most successful methods for
intracellular Ca** sensing and imaging 45,1214 'As discussed previously, Ca?* almost
never distributes homogeneously across the cell; the local Ca’* events may occur on a
very fast time scale; and Ca?* cannot be preserved in cell or tissue extracts. Therefore, a
reliable Ca** imaging method for live specimens with high temporal and spatial
resolution is necessitated. Confocal microscopy meets the requirement, and is fully
synergistic with PEBBLE nanosensors. A basic optical setup is illustrated in Figure 2.1; a
confocal aperture with a pinhole is placed directly in front of the light detector, usually a
photomultiplier tube (PMT). This confocal aperture blocks out-of-focus light generated
from areas of no interest, and only allows in-focus signal into the PMT 6] Unlike regular
epifluorescence microscopy, which captures light along the entire Z-axis, confocal

microscopy provides measurements on optical sections with thickness of a few microns.

In the work described in this chapter, Ca**-sensitive ratiometric PEBBLE
nanosensors loaded with rhodamine based Ca®* indicators were developed and
characterized. The PEBBLEs were introduced into the living cells by either endocytosis or
TAT peptide delivery. Intracellular calcium imaging was performed on a Leica laser

scanning confocal microscope.
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Experimental and Methods

Reagents. Acrylamide, glycerol dimethacrylate (GDMA), polyoxyethylene (4)
lauryl ether (Brij 30), polysorbate 80 (Tween 80), sorbitan monooleate (Span 80),
N,N,N’,N’-tetraethylmethylenediamine (TEMED), ammonium persulfate, 4-
morpholinepropanesulfonic acid (MOPS), Dimethyl sulfoxide (DMSO), ethylene glycol-
bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA) and all metal salts were
purchased from Sigma-Aldrich (St. Louis, MO, USA). N-(3-aminopropyl)methacrylamide
hydrochloride (APMA) was purchased from Polyscience (Warrington, PA, USA). Hexanes
and ethanol were purchased from Fisher (Fair Lawn, NJ, USA). Chelex 100 resin was
purchased from Bio-Rad (Hercules, CA, USA). Rhod-2, Rhod-dextran and Rhod-5N were
purchased from Invitrogen (Eugene, OR, USA). HiLyte Fluor™ 647 was purchased from
AnaSpec (Fremont, CA, USA). Sulfosuccinimidyl-4-[N-maleimidomethyl]cyclohexane-1-
carboxylate (Sulfo-SMCC) was purchased from Soltec Ventures (Beverly, MA). TAT
peptide was purchased from RS synthesis, LLC. (Louisville, KY). All buffer solutions were
prepared from 18MQ Milli-Q water purified by a Millipore Advantage A10 system and

passed through a Chelex 100 column.

PC-3 human prostate carcinoma cells and 9L gliosarcoma cells were purchased
from ATCC (Rockville, MA, USA). All cell media, fetal bovine serum (FBS), penicillin,
streptomycin, HEPES buffer and Hank’s Balanced Salt Solution (HBSS) were purchased

from Invitrogen (Eugene, OR, USA).
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PEBBLE preparation. The polymerization procedure was as described previously
with minor changes 241 The monomer solution was prepared by first dissolving 711 mg
acrylamide in 1.2 ml MOPS buffer (pH=7.2), then dissolving 55 mg APMA and adding 480
ul GDMA at last. Calcium indicators were added into the monomer solution for
preparing the calcium sensing PEBBLEs. This monomer solution was added to an argon
deoxygenated solution that contained 45 ml of hexanes, 2.6 g Brij 30, 1.6 g Tween 80
and 1.3 g Span 80. The solution was stirred under argon throughout the duration of the
preparation. To initiate the polymerization, 100 pl of 20% (w/w) ammonium persulfate
solution and 100 pl TEMED were added. The solution was stirred at room temperature
for two hours to assure complete polymerization. The hexanes were removed by rotary
evaporation and the remaining solution was mixed with 100 ml ethanol and then
transferred to an Amicon ultra-filtration cell (Millipore Corp., Bedford, MA). The
surfactant, unreacted monomers and dye molecules were separated from the PEBBLEs
using a 300 kDa filter under 10 psi of pressure. The PEBBLEs were washed with 500 mL
ethanol and 500 ml Milli-Q water. The PEBBLEs were freeze dried on a Thermo

ModulyoD Freeze Dryer and then collected.

Conjugation of the reference dye. 100 mg PEBBLEs were suspended in 5 ml
MOPS buffer yielding a 20 mg/ml particle solution, into which 10 ~ 20 ul of Hylite 647
solution (0.1 mg/ml in DMSO) was added. The mixture was stirred for 2 hours at room
temperature, then transferred to an Amicon ultra-filtration cell and washed with 60 ml

Milli-Q water. The PEBBLEs were freeze dried and collected.
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Conjugation of TAT peptide. 50 mg PEBBLEs were firstly suspended in 2.5 ml 10
mM MOPS pH 7.22, into which 3 mg Sulfo-SMCC was added. The mixture was kept
stirring at 600 rpm for 2 hours at room temperature, then transferred to an Amicon cell
and washed with 60 ml MOPS buffer. 3 mg TAT peptide was added into the resulting
mixture under constant stirring at 600 rpm and the mixture was kept stirring overnight
at room temperature. 1.736 mg L-cysteine was added afterwards and the mixture was
kept stirring for 2 more hours. Finally PEBBLEs were washed in Amicon cells with 60 ml

MOPS to eliminate unreacted peptides.

Dissociation constants for free Rhod-2 and encapsulated Rhod-2 inside PEBBLEs
binding with Ca**. To determine the K4 for free Rhod-2 and encapsulated Rhod-2,
solutions with various Ca** concentrations were prepared from a stock solution of
known Ca* concentration. This method was established by Tsien and Pozzan 27 hased
on the principle that most Ca** ions bind with EGTA when the Ca** concentration and
EGTA concentration are very close to each other. Therefore, in the equilibrium of Ca**
and EGTA, the effective free Ca*' is a function of Kd(Ca2+EGTA), the dissociation constant
of Ca*EGTA (which is dependent on pH, the temperature and the ionic strength). The
actual free Ca®* concentrations in the calibration solutions, at a given pH, temperature
and ionic strength, were computed using a web-based computer program, Webmaxclite
v1.15 (Stanford University,

http://www.stanford.edu/~cpatton/webmaxc/webmaxclite115.htm). According to the

equation below, the free Ca’* concentrations were obtained.
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[Ca®*Jree = Ka(Ca**EGTA) x ([Ca*’EGTA]/[K,EGTA])

Once the effective free Ca®* concentrations were acquired, the K4 for free Rhod-2
or encapsulated Rhod-2 and Ca”* was derived, based on the free Ca** concentrations
and the resulting fluorescence of Rhod-2 or the fluorescence ratio of the Rhod-2

PEBBLEs:
Kq(Ca**Rhod-2-free) = [Ca**free X (Fmax— F)/(F = Fmin)
Or
Kq(Ca?*Rhod-2-encapsulated) = [Ca®Jiree X (Rmax — R)/(R — Rmin)

Here Fmax, Fmin @and Rmax, Rmin refer to the fluorescence (F) or fluorescence ratio (R)
of the Ca®" saturated state (max) and the Ca** depleted state (min), respectively. In
principle, the K4 for free Rhod-2 or encapsulated Rhod-2 and Ca®* was computed by
plotting the log of [CaZJ']free (the x-axis) versus the log of (F — Fimin)/(Fmax — F) or (R = Rmin)/
(Rmax — R) (the y-axis). This log-log plot yields an x-intercept which is the log of K4 for free

Rhod-2, or encapsulated Rhod-2, and Ca**ata given condition.

PEBBLE calibration. To calibrate the calcium sensitive PEBBLEs, a 2 mg/ml
PEBBLE solution was prepared by suspending PEBBLEs in 10 mM MOPS buffer pH 7.22
containing 0.1 mM EGTA. The free Ca?* concentrations in the calibration solutions were
computed by Webmaxclite v1.15. Spectra were collected on a Horiba FluoroMax-3
fluorometer by exciting the sample at 540 nm and recording the resulting emission from

565 nm to 700 nm in 1 nm increments with an integration time of 0.5 second. An aliquot
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of calcium chloride was added after each successive spectrum was collected. The
samples were prepared and continuously stirred by a magnetic stir bar in a 4.5 ml quartz
cuvette which was kept at 37°C by a water-jacketed temperature controlled cuvette

holder. All experiments were repeated in triplicate.

PEBBLE calibrations were also performed in the presence of background ions in
the calibration solutions. Samples with 2 mg/ml PEBBLEs in 0.1 mM EGTA 10 mM MOPS
buffer pH 7.22 containing (i) 20 mM Mg?*; (i) 20 mM Mg?*, 20 mM Na* and 120 mM K*
were prepared. An aliquot of calcium chloride was added after each successive

spectrum was collected. All experiments were performed at 37°C.

PEBBLE interference. An assay was conducted on Rhod-2, and on Rhod-2
PEBBLEs, to monitor the interference due to non-specific binding of proteins to the
sensors. Samples containing 0.1 uM Rhod-2, or 2 mg/ml Rhod-2 PEBBLEs, 1% w/v Bovine
Serum Albumin (BSA), 0.1 mM EGTA in 10 mM MOPS buffer, pH 7.22 were prepared. An
aliquot of calcium chloride was added after each successive spectrum was collected. The

experiments were performed at 37°C.

pH dependence test. A series of 10 mM MOPS buffers with pH range 4-9 were
prepared. PEBBLEs were suspended in these buffers at a final concentration of 2 mg/ml.
CaCl;, concentrated solution (10 mM) was added into the PEBBLE suspension at a final
concentration of 10 uM Ca®*. No EGTA was added, because the binding of EGTA and

Ca’* changes with pH.
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PEBBLE Leaching. First a suspension containing 2mg/ml Rhod-2 PEBBLEs and
MOPS (10 mM pH 7.2) was prepared. The initial fluorescence was measured and the dye
concentration was calculated, based on a calibration curve of free dye in solution. After
that, BSA was added into the suspension to make the final BSA concentration 1% w/v
and the suspension was kept stirring. At different time intervals, a 3 ml aliquot was
filtered and the filtrate was analyzed. The dye concentration in the filtrate was
calculated based on another calibration curve of free dye in solution at the presence of
1% BSA. Previous studies show that the leaching behavior of the dye encapsulated
PEBBLEs are different in the presence or absence of proteins, or in solution vs. in cellular
environment. Therefore, the function of the 1% BSA in this case is to mimic the cellular
environment so that the leaching test results would better represent the PEBBLE

leaching behavior in cell work.

PEBBLE ratiometric validation. The PEBBLEs’ ability to be ratiometric was also
examined. Samples containing 0.1, 0.2, 0.5, 1, 2 and 5 mg/ml PEBBLE 0.1 mM EGTA in 10
mM MOPS buffer pH 7.22 were prepared. Spectra were collected by exciting the sample
at 540 nm and recording the resulting emission from 565 nm to 700 nm. The

fluorescence ratio Frpog-2/Frilyte Was calculated.

Zeta potential. PEBBLEs were first suspended in Milli-Q water at a concentration
of 2-5 mg/ml and sonicated for 30 minutes to one hour to reduce aggregation. Samples
were then filtered through a 2.7 uM glass fiber syringe filter (13 mm diameter,

Whatman). The Zeta potential of the PEBBLEs was measured on Delsa™Nano Submicron
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Particle Size and Zeta potential instrument (Beckman Coulter, Inc., Fullerton, CA) by

electrophoretic light scattering.

Confocal microscopy. Fluorescence images were obtained on a laser scanning
confocal microscope. Scanner and detector were mounted on an inverted microscope
(Leica sp5) equipped with oil-immersion, 1.4-numerical aperture, x40 and x60 objective
(Leica). A white light laser (540 nm) served as a primary light source and fluorescence
light (560-620 nm, 660-720 nm) from the calcium sensing dye and the reference dye was
detected with a high efficiency photomultiplier tube. Confocal pinhole aperture settings

were kept at 2 um throughout the entire experiments.

Cell culture. PC-3 human prostate carcinoma cells were cultured in DMEM
medium containing 10% fetal bovine serum (FBS) and penicillin (10 IU/ml). 9L
gliosarcoma cells were cultured in RPMI medium containing 10% fetal bovine serum
(FBS) and penicillin (10 IU/ml). All cells were maintained at 37°C in a humidified
incubator containing 5% CO,. Cells were plated on 1.0 Borosilicate chambered

coverglass one day prior to experiments.

Cell imaging and the manipulation of free intracellular Ca”". Cells were
incubated with PEBBLEs (0.1~0.5 mg/ml) for 30 minutes to 3 hours in the culture media
at 37°C. Rhod-2 was loaded into cells by adding Rhod-2 AM 5 uM from a 1 mM stock in
dry DMSO to the culture media and incubating at 37°C for 30 minutes. After loading,

cells were washed 3 times with PEBBLE free dye free HHBSS (20 mM HEPES, 1x Hanks
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Balanced Salt Solution, 2 g/l D-glucose, pH 7.4) and incubated at 37°C for about 30

minutes prior to mounting on the microscope.

To reduce cell calcium, cells were first washed 3 times with Ca**-free HHBSS
then incubated in Ca**-free HHBSS containing 1 mM EGTA and 5 pM A23187 for 30
minutes, for Ca** to be depleted from the cytoplasm. An aliquot of CaCl, was added into
HHBSS to alter the extracellular Ca** level, and the cells were incubated for 10~30
minutes before the images were taken. Finally, the indicator was saturated by adding
CaCl; to a final concentration of 5 mM. Images at maximum Ca”* level were taken before
cell death occurs, which is indicated by membrane blebbing and change in size. For each
image acquired at different Ca®* levels, peak intensity ratios of Frhod-2/FHilyte Were

calculated on computer software ImageJ.
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Results and Discussion

The focus of this chapter is on the calcium nanosensors developed using
rhodamine-based calcium sensitive dyes, Rhod-2 and Rhod-5N (Figure 2.2). The
reported calcium sensing range (Molecular Probes Inc.) of Rhod-2 is at the nanomolar
level and the sensing range of Rhod-5N is at the micromolar level. Hilyte Fluor 647 was
conjugated onto the PEBBLEs as a reference dye for ratiometric sensing. The majority of

the work focuses on Rhod-2/Hilyte PEBBLEs.

In Table 2.1, the calcium affinities of encapsulated Rhod-2 in PEBBLEs with
different dye loadings were tested and compared with that of the free dye. Four
samples, with a certain amount of dye (0.1, 0.2, 0.5 and 1 mg Rhod-2) initially added in
the preparation, were calibrated. For all four samples, the K4 values are between
500~600 nM, which is somewhat higher than that of the free Rhod-2 dye. This result can
be explained by the positive charge of the PEBBLEs matrix, which is considered to be
caused by the amine functional groups on APMA. However, comparing the PEBBLEs with
0.5% APMA to the PEBBLEs with 2.5% APMA, a 2% increase of APMA is not high enough
to dramatically affect the zeta potential of the whole particle matrix and consequently
affect the affinity (see Table 2.2). The function of APMA is to provide amine functional
groups for conjugating targeting peptide and reference dyes. For that purpose, 2.5%

APMA would suffice.

Figure 2.3 shows typical spectra of Rhod-2/Hilyte PEBBLEs with Rhod-2 emission

increases as the free Ca”* concentration increases while the emission of Hilyte is
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independent of the free Ca®* concentration. Calibrations of the PEBBLEs without
background ions or in the presence of 20 mM Mg?*, 20 mM Na* and 120 mM K" were
also performed, as shown in Figure 2.4. The peak intensities of Rhod-2 and Hilyte were
ratioed and plotted against the free Ca”* concentration. Without background ions, Ky is
determined to be 429438 nM. In the presence of 20 mM Mg2+, the K4 rises to 786165
nM, indicating a decreasing affinity of Rhod-2 for Ca**. Although the addition of Na* and
K* changes the ionic strength of the solution, thereby influencing the equilibrium of
EGTA and Ca*, it does not significantly affect Kq, which remains at 83087 nM in this

case.

As a divalent cation, Mg2+ also binds with EGTA and changes the free Ca* level in
solution, although Mg** binds with EGTA much weaker than Ca®*. At pH 7.22, ionic
strength of 0.15 M, and 37°C, K4(Ca**EGTA) is found to be 0.115 uM while K4(Mg**EGTA)
is 9.4 mM. As expected, Mg”" also binds with the BAPTA moiety on Rhod-2, as it binds
with other BAPTA-based calcium indicators such as Fluo-3 . Therefore the binding of
Mg”* slightly weakens the affinity of Rhod-2 for Ca®*. However, the Mg”* binding has
relatively little effect on the Rhod-2 fluorescence, compared to the 100-fold
enhancement from Ca** binding, because Mg2+ binds mostly to the half of Rhod-2 which
is remote from the xanthene chromophore. Besides, although the intracellular free Mg2+
concentration fluctuates, intracellular free Mg2+ is estimated to be much less than 20
mM and its fluctuation is usually within 1 mM range 36l As long as the interference
caused by Mg2+ is taken into consideration in the calibration, intracellular free Mg2+

should pose no serious problem for intracellular Ca** measurements.
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It has also been found that Rhod-2 binds with some transition metal ions and its
emission increases, such as by binding with Mn**, Zn**, Cd** and Hg”*; other transition
metal ions, such as Fe**, Co?*, Ni*" and Pb®" also bind to Rhod-2 and quench its
fluorescence. Therefore, binding with these transition metal ions is a potential
interference to Ca’* sensing. Fortunately, Rhod-2 binds to Ca>* much tighter than to
most of the transition metal ions and also the intracellular concentrations of these
transition metal ions are much lower than those of calcium in most cases 3. When
interference occurs, it can be identified and controlled by using the selective heavy

metal ion chelator TPEN (N, N, N’, N’-tetrakis (2-pyridylmethyl)-ethylenediamine) [34,35]

An interference test, with 1% w/v BSA, was conducted on the Rhod-2 dye and
Rhod-2/Hilyte PEBBLEs (see Figure 2.5). The K, of the free dye in the presence of BSA is
about 200 nM higher than the Ky of the free dye in the absence of BSA. On the other
hand, the PEBBLEs containing Rhod-2 are unaffected by the addition of BSA. This
suggests that BSA is unable to enter the PEBBLEs due to its large size and thus unable to
come in contact with the dye so as to affect its fluorescence or Ca®" affinity. Non-specific
binding of interferents occurs for many small molecule Ca* indicators, as reported 14,11,
21 by enhancing or weakening their fluorescence. As shown in Figure 2.6, in the
presence of 1% w/v BSA, the fluorescence of Rhod-2 free dye decreases. This concept
demonstrates a major drawback for the intracellular measurements using free dyes, as
well as a key advantage of PEBBLE nanosensors. In the complicated cellular environment,
in the presence of numerous proteins and enzymes, free dyes show at least some

change in their binding affinity, if they still remain fluorescent. Evidently, the use of
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PEBBLEs eliminates this issue, by protecting the sensing elements in a polymer matrix.
For that reason, a calibration in solution would remain valid for measurements in the
cellular environment. In addition, the cellular environment is also protected by the

PEBBLE matrix from potential toxicity of the dye.

The leaching of Rhod-2 from the PEBBLEs was also monitored. The leaching
behavior of the PEBBLEs could be different in solution and in the cellular environment,
since dye molecules can be pulled out from the particle matrix by proteins or enzymes,
due to non-specific binding. Two particle samples with 0.5 and 1 mg dye loading were
monitored over a 3-day time period. A 1% w/v BSA solution was used to mimic the
cellular environment. As illustrated in Figure 2.7, leaching mostly occurred at the initial 6
hours, with totally 18% dye having leached out from the 1 mg dye loaded sample but

less than 3% from the 0.5 mg dye loaded sample.

The pH dependence tests shown in Figure 2.8 suggest that the PEBBLEs are
stable at neutral pH (pH 6-9). At low pH, the fluorescence of Rhod-2 was quenched due
to the protonation of the dye molecule. Previous studies also indicate that the
Kq(Ca®"Rhod-2) value rises when the pH drops below 6.6 (191 Note that the PEBBLE

matrix pores easily allow passage of the small hydroxyl and hydronium ions [24].

Figure 2.9 demonstrates the ratiometric property of the Rhod-2/Hilyte PEBBLEs.
The peak ratio of Frnog-2/Fhiyte does not change as the PEBBLE concentration increases
from 0.1 to 5 mg/ml. Among all the commercially available calcium probes, few are

ratiometric by themselves. This feature limits the use of these non-ratiometric
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indicators since ratiometric measurement is the best and most accurate method, unless
a fluorescence lifetime measurement is used. On the other hand, encapsulating the
indicator probes inside the matrix of the PEBBLEs can solve this issue, because a

reference dye can easily be encapsulated inside or conjugated onto the nanoparticles.

A prevalent method used for almost all calcium indicators involves adding a Ca®
ionophore A23187 or Br-A23187 to the cell medium as to manipulate the intracellular
free Ca®* levels V). Calcium ionophores A23187 and Br-A23187 are mobile ion carriers
that form stable complexes with divalent cations and carry these ions cross cell
membranes. In this method, the ca* depleted state (Fn,n) and the Ca®* saturated state

(Fmax) are determined, and then the free Ca®* level is calculated using the equation:
[Ca™Jfree = K4(Ca*"Rhod-2) x (F = Frnin)/ (Fmax — F)

However, as discussed previously, if free dye is used for the measurement, extra efforts
have to be made to measure the precise Kd(Ca2+Rhod—2) in the intracellular environment,

due to the weakening of the Ca® affinity by proteins and enzymes =

Figure 2.10 is a demonstration of this method. The AM form of Rhod-2 enters
the cells, except for the nucleus, through incubation. A Ca®* depleted state and a
saturated state were imaged. Rhod-2 AM has shown signs of compartmentalized loading
into mitochondria. The uneven distribution of Rhod-2 may lead to over- or under-
estimation of the Ca®* level at a certain spot. However, with ratiometric measurements
by PEBBLEs, this issue is resolved (see Figure 2.11). The Rhod-2/Hylite PEBBLEs were
delivered into 9L cells by nonspecific endocytosis. In the presence of A23187, the
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intracellular free Ca®* level changes with the extracellular free Ca’* level which was
manually manipulated by controlling the concentration of EGTA and total calcium in cell
medium. The emission of Rhod-2 (as shown in green color) increases with the free Ca*'
concentration while the emission of Hilyte (as shown in red color) is independent of the
free Ca®* concentration. Therefore, in the overlaid images of green and red, one would
see a color change from red to green as the free Ca®* level changes from low (0.32 nM)
to high (5 mM). The fluorescence confocal images were processed by an image-
processing software Imagel, and the intensity ratios of Rhod-2 (green)/Hilyte (red) at
each free Ca?* level were calculated. The intensity ratio was plotted against extracellular
free Ca®* concentration in Figure 2.12. We name it an “in-cell calibration”. The K4 of the
encapsulated Rhod-2 binding to Ca** in the in-cell calibration was determined to be
10031975 nM. An in-solution calibration of PEBBLEs was also performed on a Leica
confocal microscope, in the same cell media, Ca2+, Mg2+—free HEPES buffered Hanks
Balanced Salt Solution (pH 7.4) containing 10 mM EGTA, without adding A23187. The K4

was determined to be 478+32 nM.

The other two rhodamine-based Ca*" indicators, Rhod-dextran and Rhod-5N
were also encapsulated in PEBBLEs with the reference dye Hilyte Fluor 647. Calibrations
of these two PEBBLEs were shown in Figure 2.13. The ca® binding affinities of these
encapsulated dyes were determined to be at micromolar levels, as 6981179 uM for
encapsulated Rhod-dextran and 1.25+0.06 mM for encapsulated Rhod-5N. Note that the
actual K4 of encapsulated Rhod-dextran may be higher than the calculated value

6981179 uM, because it did not reach the Ca?* saturated state at the end point (ca*
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level at 0.01 M), as shown in Figure 2.12 (c). Because of their high calcium binding
affinity, these PEBBLESs are not sufficiently sensitive for intracellular measurements.
Figure 2.14 shows the fluorescence confocal images of 9L cells loaded with Rhod-
dextran and Rhod-5N PEBBLEs. As shown in the images, PEBBLEs were delivered into 9L

cells by surface-conjugated HIV-1 TAT peptide.

It has been reported that free Rhod-2 tends to be trapped in mitochondria due
to its large negative membrane potential 5331 Therefore, dye leaching from the
PEBBLEs became a concern. However, cell imaging using Rhod-dextran/Hilyte PEBBLEs,
which contain the much larger molecules of Rhod-2 dextran conjugates (10 kDa), also
show a similar distribution pattern, indicating that leaching is not a serious concern
(Figure 2.13). Although leaching is not at all an issue for the Rhod-dextran PEBBLEs, its
weaker Ca’* binding affinity (35345 puM) makes it less effective for intracellular

measurement, compared to the Rhod-2 PEBBLEs.
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Conclusions

This chapter details the preparation and characterization of Ca**-sensitive
PEBBLEs loaded with rhodamine based probes as the Ca® sensing dye and conjugated
with Hilye Fluor 647 as the reference dye. The advantages in the use of PEBBLEs are well
demonstrated by this work. 1) Ratiometric measurements can be achieved by co-loading
a reference dye, allowing the changes in fluorescence ratio to be converted to ca®
levels. 2) The polymer matrix protects the dye from non-specific binding caused by
intracellular proteins, because the proteins are simply too big to enter the particle and
interact with the dye molecules. 3) The dye molecules are trapped in nanoparticles, and
therefore some other issues one may have when using the free dye, such as the dye
sequestration and leakage out of the cells, are reduced or eliminated. 4) The Kq of the
encapsulated dye in PEBBLEs is well defined so that calibrations in a test tube still

remains valid for intracellular measurements.

There are several limitations of this work that are important to discuss. Although
the particle matrix protects the dye from the cellular protein, small ions such as H" and
Mg2+ can still enter the matrix freely and interact with the dye, which would interfere
with the Ca®* measurements, similarly as for the free molecular probes. Fortunately,
these interferences do not significantly affect the binding of Rhod-2 and Ca**, and
corrections can be made by taking these factors into consideration when calibration is

conducted.
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Another limitation is that the Rhod-2 PEBBLEs were delivered into cells by
nonspecific endocytosis. It is argued that after cell entry by endocytosis, particles may
stay in endosomes which contain different Ca’* levels and pH than the cytosol, resulting
in inaccurate Ca** measurements %, Other delivery methods, such as receptor
mediated endocytosis or cell-penetrating TAT peptide, lead to less PEBBLE sequestration
and more PEBBLEs can be delivered directly into the cytosol. It has been reported that
the translocation of TAT peptide into the cells is unaffected by endocytosis inhibitors,
indicating a non-endocytotic pathway 21 In a matter of fact, targeted delivery is
another advantage of PEBBLEs. Targeting peptides or proteins can be surface-
conjugated on PEBBLEs, so that the PEBBLEs can be delivered to specific cell types or to
specific organelles inside cells B0 Therefore, these methods will be introduced in our

future work.

The calcium levels in cellular organelles are also of great interest due to the
function of calcium as a second messenger. However, as demonstrated in our work,
without targeting, nano PEBBLEs cannot be internalized by cellular organelles, such as
nucleus, mitochondria, etc. Although targeted delivery of PEBBLEs into cellular
organelles has become part of our ongoing research, currently for the calcium sensing
inside organelles, free calcium indicators may be more useful than PEBBLEs. For
example, free Rhod-2 was utilized to monitor calcium levels in mitochondria 4, 13'16],

while the emergence of mithochondrial calcium into the cytosol was easily observed by

PEBBLEs 2%,
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Kg (nM)

Rhod-2 317+16

0.1 mg loading Rhod-2 PEBBLE 554144
0.2 mg loading Rhod-2 PEBBLE 587164
0.5 mg loading Rhod-2 PEBBLE 523122
1 mg loading Rhod-2 PEBBLE 526133

Table 2.1 Dissociation constant K4 of free Rhod-2 or encapsulated Rhod-2 in PEBBLEs
with different dye loading and Ca**. The Kq values were computed from experiments

performed in 10 mM MOPS buffer pH 7.22 containing 0.1 mM EGTA at 37°C.

Zeta potential (mV) Kg (nM)

PEBBLE with 0.5% APMA 15.34 593+31
PEBBLE with 1% APMA 15.36 588+21
PEBBLE with 2.5% APMA 20.46 564+40

Table 2.2 Zeta potential and dissociation constant K4 of encapsulated Rhod-2 in PEBBLEs
with different percentages of APMA in the polymer matrix. PEBBLEs were suspended in
Milli-Q water for zeta potential measurements. The K4 values were computed from
experiments performed in 10 mM MOPS buffer, pH 7.22, containing 0.1 mM EGTA at

37°C.
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Figure 2.1 lllustration of the optical pathway of a confocal microscope [26]
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Figure 2.2 Structures of commercially available rhodamine-based calcium indicators: (a)

Rhod-2 and (b) Rhod-5N.
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Figure 2.3 Fluorescence emission spectra of Rhod-2/Hilyte PEBBLEs (excitation 550 nm).
Samples were buffered at pH 7.22 in 10 mM MOPS and 0.1 mM EGTA. An aliquot of
CaCl, solution was added to the sample, successively. From bottom to top, free Ca** was
at 10, 130, 350, 775 nM and 3.4 uM. An increase in the Rhod-2 peak (575 nm) was

observed while the Hilyte peak (668 nm) intensity is independent of the free Ca®" level.
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Figure 2.4 Calibration of Rhod-2/Hilyte PEBBLEs in the presence of different background
ions concentrations: zero background ions (blue diamonds), 20 mM Mg?* (red squares),
20 mM Mg?*, 20 mM Na* and 120 mM K" mimicking intracellular environment (green
triangles). The samples were excited at 550 nm on the fluorometer and the emission
spectra were collected. The peak ratio (Fgrnod-2/FHiyte) is plotted against free Ca**
concentration. Without background ions, the Ky is determined to be 429438 nM. In the
presence of 20 mM Mg2+, the Ky rises to 786165 nM, indicating a decreasing affinity of
Rhod-2 for Ca?*. In the presence of 20 mM Mg®*, 20 mM Na* and 120 mM K, the Ky is

determined to be 830187 nM.

45



10000000

o o o o0

8000000 ¢

1
*

6000000 "

4000000

Intensity (cps)

1
*

2000000

* ]
]
0..

0 s T ‘_‘-l_- T T T T 1
1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-O5 1.E-04 1.E-03

Free Ca%* (M)

(a)

25 - a antt

He

2 ]
*
[ ]
1.5 -
<
[ ]
1 - M

Fluorescence Ratio

0.5 - ]

O T T T T T T 1
1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-O5 1.E-04 1.E-03

Free Ca%t (M)

(b)

Figure 2.5 Interference of 1% w/v BSA on Rhod-2 dye (a) and Rhod-2/Hilyte PEBBLE (b).
In the absence (blue diamonds) and presence (red squares) of BSA, calibration curves
were constructed. The Kq value of the free dye is affected by BSA, while the

encapsulated dye is protected by the polyacrylamide matrix.
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Figure 2.6 Plot of Rhod-2 fluorescence versus dye concentration. A linear fit to the data
was constructed. Based on this graph, the amount of dye loading in PEBBLEs was
calculated. In addition, the fluorescence increases observed in the dye leaching test with

PEBBLEs in 1% w/v BSA were quantified.
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Figure 2.7 Leaching test of the Rhod-2 PEBBLE. PEBBLEs with 0.5 mg Rhod-2 dye loading
(blue diamonds) and 1mg Rhod-2 dye loading (red squares) were tested. A total dye
leaching of 3% and 18% for these two PEBBLEs was observed. Leaching mainly occurred

during the first 6 hours.
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Figure 2.8 Peak ratio of Rhod-2/Hylite PEBBLE versus pH. Calcium concentration was
kept at 1 uM without adding EGTA. The fluorescence ratio was affected by low pH, due

to the interference of H”.
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Figure 2.9 Peak ratio versus Rhod-2/Hilyte PEBBLE concentration. Peak ratio does not
change as the PEBBLE concentration increases from 0.1 to 5 mg/ml. All samples were
buffered at pH 7.22 with 10 mM MOPS and 0.1 mM EGTA. Free calcium level was

controlled at below 1 nM.
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Figure 2.10 Fluorescence confocal images of PC-3 cells loaded with Rhod-2 AM. Free
extracellular Ca®* levels were controlled at (a) <1 nM, (b) 1 uM, and (c) 5 mM. Here
calcium ionophore A23187 (5 uM) was added into the medium transporting the Ca**
through the cell membrane. The sample was excited at 540 nm using a white light laser,
and the emission of Rhod-2 (560-600 nm) was collected by a PMT and is shown in false

color (green). A scale bar is shown in the images.
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Figure 2.11 Fluorescence confocal images of 9L cells loaded with Rhod-2/Hilyte PEBBLEs.

PEBBLEs were delivered by nonspecific endocytosis. Free extracellular Ca** levels were
controlled at 0.3 nM, 82 nM, 165 nM, 917 nM, 18 uM and 5 mM as shown in images.
Calcium ionophore A23187 (5 uM) was added into the medium transporting the Ca**
through the cell membrane. The samples were excited at 540 nm by a white light laser,
and the emissions of Rhod-2 (560-600 nm) and Hilyte (660-700 nm) were collected by
PMTs. Images are shown in false colors as (a) Rhod-2 in green, (b) Hilyte in red and (c)
overlaid images of Rhod-2 and Hilyte. A scale bar is shown in the images. The ratio of

green (Rhod-2)/red (Hilyte) increases as the free Ca’' level increase.
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Figure 2.12 An in-cell calibration (blue diamonds) of Rhod-2/Hilyte PEBBLEs conducted
on Leica confocal microscope. Intensity ratio of Rhod-2/Hilyte was plotted against free
extracellular Ca®* concentration. All data were processed by Imagel) based on
fluorescence confocal images of 9L cells loaded with PEBBLEs. The ionophore A23187
transport Ca®" in and out of the cells, therefore the intracellular Ca** level changes with
extracellular Ca®" level. The Kq was determined to be 1003+975 nM. An in-solution
calibration of PEBBLEs (red squares) was also performed on Leica confocal microscope in
the same cell media (Ca**, Mg2+—free HEPES buffered Hanks Balanced Salt Solution
containing 10 mM EGTA, pH 7.4) without adding A23187. The K4 was determined to be

478%32 nM.
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Figure 2.13 Fluorescence emission spectra of the Rhod-dextran/Hilyte PEBBLEs (a) and
Rhod-5N/Hilyte PEBBLEs (b) with excitation at 550 nm. From bottom to top, the free
Ca*' levels are: (a) 37 nM, 26 uM, 0.3, 1.4, 4.9 and 24.9 mM; (b) 0.26 uM, 0.4, 1.9, 3.9,
24.9 mM. The emissions of Rhod-dextran and Rhod-5N (both at 575 nm) increase with
the increase of free Ca®* concentration, while the emission of Hilyte (668 nm) is
independent of the free Ca* level. (c) Calibration of Rhod-dextran/Hilyte PEBBLE (blue
diamonds) and Rhod-5N/Hilyte PEBBLE (red squares) shown in a normalized y-axis. The
Kq of encapsulated Rhod-dextran binding to Ca** was determined to be 698+179 uM and

the K4 of encapsulated Rhod-5N was determined to be 1.25+0.06 mM.
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Figure 2.14 Fluorescence confocal images of 9L cells loaded with Rhod-dextran/Hilyte
PEBBLEs and Rhod-5N/Hilyte PEBBLEs. PEBBLEs were delivered by surface-conjugated
TAT peptide. The samples were excited at 540 nm, and the emissions of Rhod-dextran or
Rhod-5N (560-600 nm) and Hilyte (660-700 nm) were collected by PMTs. Images are
shown in false colors as (a) Rhod-dextran or Rhod-5N in green, (b) Hilyte in red and (c)

overlaid images. A scale bar is shown in the images.
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Chapter 3

The Immobilization of Wild Type Bovine Carbonic Anhydrase inside Nanoparticles

Introduction

Protein and enzyme immobilization on nanoparticles has received significant
attention due to its potential use in biocatalysis, drug or gene delivery, and biomedical
and biosensing devices. Many methods have been developed to incorporate enzymes
into nanostructures while maintaining their activity: Surface attachment and
conjugation of enzymes have been used on a variety of nanoparticles, such as gold
nanoparticles, paramagnetic nanoparticles, carbon nanotubes, silica nanoparticles and
polymeric nanoparticles 7] Another route is to entrap enzymes within the nanopores
of mesoporous silica gels simply by physical absorption (851, By carefully designing the

[7-13]

synthetic process, enzymes can also be encapsulated into silica and polymeric

particles [17-25]

A few enzymes have been reported attached to or encapsulated in silica
nanoparticles and used as biosensors or biocatalysts, such as protease, glucose oxidase,
horse radish peroxide (HRP), catalase, lysozyme, phosphatase, etc [7-131 However, the

compatibility of the nanoparticle matrix and the enzymes depends on the
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physicochemical properties of the matrix and the intrinsic properties of the enzymes (23],

For example, studies have revealed that upon binding onto silica matrix, human
carbonic anhydrase Il (CA) and its variants undergo successive conformational
rearrangements in a stepwise manner. The active site of the enzymes unfolds and the
enzymes lose their tertiary structure and consequently their activities ***®. Therefore,

specifically for CA, silica might not be a suitable matrix.

Polyacrylamide (PAA) was chosen as a carrier for CA encapsulation because of its
hydrophilicity and its biocompatibility for many proteins and enzymes which has been
established by extensive previous studies (17391 1t has been reported that biosensors
based on PAA nanoparticles or nanogels encapsulating glucose oxidase (251 phosphate
sensing protein % lipoamide dehydrogenase and glutathione reductase ! have been
developed. These nanoparticles and hydrogels are very promising tools for intracellular
applications such as intracellular sensing or drug and gene delivery [22-24] Encapsulating
the fluorescent sensing probes in PEBBLEs for intracellular measurements has several
advantages over directly loading the probes into cells. The inert polymer matrix protects
the cellular environment from any potential toxicity of the probes and also protects the
probes, in this case CA, from protease attack, interfacial shearing and solvent
denaturation "7 The nanometer sized sensors have minimal physical perturbations
to the cells and fast response time 26271 T4 this end, encapsulating a fluorescent

enzyme probe in PAA PEBBLEs is of great interest to us.
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PAA nanoparticles are synthesized in w/o microemulsions and the use of
surfactants to stabilize the microemulsion is indispensable. The traditional PEBBLE
preparation method requires an anionic surfactant, AOT and a nonionic surfactant, Brij
30. Our studies showed that the use of AOT resulted in the deactivation of carbonic
anhydrase, possibly due to the high surface charge density on the micelles. On the other
hand, nonionic surfactants affect the enzyme activity much less than AOT. It has been
reported that lipase shows improved activity by using tween surfactant stabilized
micelles than AOT micelles due to the reduced surface charge density (291, Additionally,
lipase activity has improved up to ~200% in micelles stabilized by nonionic surfactants
like Brij 30, Brij 92, Tween 20 and Tween 80 *8). Moreover, nonionic surfactants like
polyethylene glycol, triton X-100, n-hexanol and glycerol have been used as artificial
chaperons for assisting refolding and renaturation of enzymes like CA and rabbit muscle
creation kinase %32, Therefore, using nonionic surfactants to stabilize the w/o
microemulsion during PEBBLE synthesis is the key to enhance the active CA

encapsulation.

In the preparation of a w/o microemulsion, the most important step is to choose
appropriate surfactants that will effectively stabilize the water-in-oil micelles. For that
purpose, the use of HLB (Hydrophile-Lipophile Balance) system enabled us to predict
some behavior of a certain surfactant and reduce the amount of work involved in the
selection of surfactants. The concept of “HLB” system was first introduced by W. C.
Griffin in 1949; surfactants are molecules consisting of both hydrophilic and lipophilic

groups (polar and nonpolar groups). HLB is the balance of the size and strength of these
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two opposing groups and the HLB value expresses the relative simultaneous attraction
of an emulsifier for water and for oil 333!, In this work, the HLB system was used to
identify suitable multi-surfactant systems and to calculate the composition of each

surfactant used in the system.

In this chapter, bovine, rather than human, carbonic anhydrase was chosen as a
substrate to encapsulate in PEBBLEs because of its robust nature and its relatively
cheaper price. The CA was encapsulated in both silica and polyacrylamide matrices and
the results showed that the polyacrylamide matrix was more suitable. The factors that
affect CA activity during PEBBLE synthesis are also discussed. New PEBBLE fabrication
and purification methods were developed, and the results show that the encapsulation
of active CA by the new methods was improved almost 4 times more than that by the

traditional method.
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Experimental and Methods

Reagents. Carbonic Anhydrase from bovine erythrocytes, triton X-100 (4-
(1,1,3,3-tetramethylbutyl)phenyl-polyethylene glycol), 1-hexanol, cyclohexane, TMOS
(tetramethyl orthosilicate), acrylamide, GDMA (glycerol dimethacrylate), AOT (Sodium
dioctyl sulfosuccinate), Brij (30polyoxyethylene (4) lauryl ether), Tween 80 (polysorbate
80), Span 80 (sorbitan monooleate), PEG 400 (Polyethylene glycol 400), tergitol™ NP-9
(Nonylphenol Ethoxylates), TEMED (N,N,N’,N’-tetraethylmethylenediamine), ammonium
persulfate, MOPS (4-morpholinepropanesulfonic acid), p-nitrophennyl acetate, Diamox
(actazolamide), Sephadex G-25, aluminum oxide (neutral), bicine (N,N-Bis(2-
hydroxyethyl) glycine) were purchased from Sigma-Aldrich (St. Louis, MO, USA). APMA
(N-(3-aminopropyl) methacrylamide hydrochloride) was purchased from Polyscience
(Warrington, PA, USA). Hexanes and ethanol were purchased from Fisher (Fair Lawn, NJ,
USA). Chelex 100 resin was purchased from Bio-Rad (Hercules, CA, USA). Coomassie Plus
(Bradford) Assay Reagent was purchased from Thermo Fisher Scientific (Pierce)
(Rockford, IL, USA). All buffer solutions were prepared from 18MQ Milli-Q water purified

by a Millipore Advantage A10 system and passed through a Chelex 100 column.

Preparation of silica nanoparticles. The procedure described in the literature *?

was used with minor modifications. Briefly, a mixture of triton X-100 and 1-hexanol in a
molar ratio of 1:5 was first prepared; this mixture was then mixed with cyclohexane at a
concentration of 10% w/w. In 18.4 ml triton X-100/1-hexanol/cyclohexane mixture, 18

ul 50 mg/ml CA solution and 212 pl 1.05 M ammonia solution were added (for blank
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particles without CA, 230 ul ammonia solution was added). 290 ul TMOS was added to
the final clear microemulsion and the mixture was stirred at room temperature for 3
hours. After reaction, cyclohexane was removed by rotary evaporation. The viscous
mixture of nanoparticles and surfactants was extracted with NH3/NH4Cl buffer solution
(pH ~ 9), and transferred to an Amicon ultra-filtration cell (Millipore Corp., Bedford, MA)
with a 100 kDa filter under 10 psi of pressure. The particles were washed with 500 ml

Milli-Q water and dried by vacuum filtration.

Preparation of polyacrylamide nanoparticles. Polyacrylamide (PAA)
nanoparticles were prepared in microemulsion stabilized by a variety of surfactant
systems. Take the AOT/Brij 30 system for example. The monomer solution was prepared
by first dissolving CA in 1.2 ml MOPS buffer (pH=7.2), then 711 mg acrylamide and 55
mg APMA and adding 240 ul GDMA at last. This monomer solution was added to an
argon deoxygenated solution that contained 45 ml of hexanes, 1.6 g AOT and 3.08 g Brij
30. The solution was stirred under argon throughout the duration of the preparation. To
initiate the polymerization, 20 pl 10% (w/w) ammonium persulfate solution and 20 pl
TEMED were added. The solution was stirred at room temperature for two hours so as

to assure complete polymerization.

Particle separation. In the traditional method, hexane was removed by rotary
evaporation and the viscous particle/surfactant mixture was suspended in 100 ml
ethanol then transferred into an Amicon stir cell. The particles were washed with 500 ml

ethanol and 500 ml Milli-Q water and then freeze dried to obtain dry powder. However,
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as ethanol greatly affects the CA activity, this method does not serve our purpose of

preserving the enzyme inside the nanoparticles.

A more biofriendly separation method was performed. First, 50 g Al,05 was
immersed in water-saturated hexane for 30 minutes to stabilize. This is because upon
mixing Al,O3 with water, it generates heat which may affect the enzyme. The w/o
microemulsion was mixed with the stabilized Al,03 and the mixture was stirred for 30
minutes as the particles in aqueous phase were absorbed onto Al,03 surface leaving
most of the surfactants in hexane phase. The mixture was then vacuum-filtered and
Al,03; was washed with hexane for eight times, each time with 50 ml. After the washing
step, hexane was completely evaporated by vacuum filtration or by rotary evaporation
to yield dry Al,O3 with particles absorbed on the surface. Particles were then extracted
from Al,03 with water for eight times, each time with 50 ml. The resulting particle
suspension was centrifuged at 5000 rpm for 10 minutes, and the precipitate and floating
mass were discarded. The clear supernatant was transferred into an Amicon stir cell,

and the particles were washed with 800-1000 ml water and freeze dried.

SEM imaging. PEBBLEs were dispersed in water at a concentration of 0.1 mg/ml,
and the sample was sonicated for 30 minutes to one hour to prevent aggregation of the
particles. A drop of the PEBBLE suspension was placed on a metal grid coated with
carbon film and then dried gradually at room temperature. The sample was sputter

coated with gold and visualized with a Philips XL30FEG scanning electron microscope.
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Particle sizing. PEBBLEs were first suspended in Milli-Q water at a concentration
of 2-5 mg/ml and sonicated for 30 minutes to one hour to reduce aggregation. Samples
were then filtered through a 2.7 uM glass fiber syringe filter (13 mm diameter,
Whatman). The particle size of the PEBBLEs was measured on Delsa™Nano Submicron
Particle Sizer and Zeta potential instrument (Beckman Coulter, Inc., Fullerton, CA) by

dynamic light scattering.

Enzyme activity assay (pNPA assay). The activity of CA in PEBBLEs was
guantified by this method. The principle is based on the hydrolysis reaction of p-

nitrophenyl acetate (pNPA) catalyzed by CA:

|
OCCH3

Carbonic OH
Anhydrase
+ HO0 ——> + H' + CH5COO
NOZ NOZ

A 10 mM pNPA solution was prepared by dissolving pNPA in acetone/water (40%
v/v) mixture, and a 10 mM diamox solution was prepared by dissolving diamox in
DMSO/water (10% v/v) mixture. In a 3 ml cuvette, 1.9 ml 10 mM Bicine buffer (pH 8.0),
50 ul pNPA solution and 50 pl CA solution or PEBBLE suspension were mixed quickly and
thoroughly. The reaction rate was monitored by recording the sample absorbance at
wavelength 400 nm over time. After recording for 100~150 seconds, a background rate
was monitored by adding 50 ul diamox solution into the cuvette to inhibit CA’s activity

then recording the sample absorbance over time for another 100~150 seconds. The
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adjusted slope was derived by subtracting the slope of the background rate from that of

the reaction rate. As shown in the equation:

Adjusted slope

kcat/Km =
€pnpa X Conpa X Cea

Where ket/Kn is the catalytic efficiency of CA for catalyzing this reaction, €onpa and Conpa
are the extinction coefficient and concentration of pNPA. Therefore, the adjusted slope
is proportional to the concentration of active CA. A calibration curve was constructed by
plotting the adjusted slope against CA concentration, and this curve was used for
calculating the amount of active CA in PEBBLEs. All experiments were repeated in

triplicate and performed on a Shimadzu UV-1601 UV-VIS spectrometer.

Coomassie blue protein assay. The total amount of CA (active and denatured)
was measured by this method. The procedure was described in the instruction of the
Coomassie Plus Assay Kit provided by the vendor. Briefly, the sample was prepared by
mixing 1.5 ml Coomassie Plus Reagent and 50 ul CA solution of PEBBLE suspension. The
sample was then incubated at room temperature for 10 minutes to obtain the most
consistent results. The absorbance at 595 nm was recorded. A calibration curve was
constructed by plotting the absorbance against CA concentration and the total CA in
PEBBLEs was quantified based on the calibration curve. All experiments were repeated

in triplicate and performed on a Shimadzu UV-1601 UV-VIS spectrometer.
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Results and Discussion

The work in this chapter focused on developing PEBBLEs with CA encapsulation
and retaining enzymatic activity. Therefore the goal was to best preserve CA during
particle fabrication and purification. To achieve that goal, studies were conducted on
three aspects: choosing a suitable matrix, a biofriendly surfactant system and a
biofriendly particle separation method. Wild type bovine CA was chosen as the

substrate in this work for two reasons, its robust nature and its affordable price.

Protein and enzyme encapsulation in silica particles has been studied extensively
(7131 'Conventional sol-gel preparation is not suitable for enzyme encapsulation because
it involves low pH (1-2) which leads to protein denaturation. A new method was

reported to successfully encapsulate horse radish peroxidase [12]

in silica nanoparticles
fabricated in w/o microemulsion. Cyclohexane was used as the oil phase, and the
microemulsion was stabilized by triton X-100 and 1-hexanol. The reaction was carried
out in a basic pH (9-9.5) in which CA remains active as it catalyzes the pNPA hydrolysis
Bl The average size of particles synthesized by this method was determined to be 48
nm, by dynamic light scattering (see Figure 3.2). However, the result of the enzyme
activity assay showed that little CA remained active. It also has been reported that
human CA Il undergoes conformational rearrangement upon binding to silica matrix and

changes to a molten-globule-like state. The conformational change of human CA Il leads

to the loss of activity and the loss of tertiary structure [14-16], Although silica matrix has
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being utilized as a carrier for many proteins and enzymes such as horse radish peroxide,

[7-13]

glucose oxidase and lipase , it appears that it is not a suitable matrix for CA.

The polyacrylamide matrix is considered a better choice, due to its
biocompatibility. In the traditional PAA PEBBLE preparation procedure, AOT and brij 30
were used to stabilize the w/o microemulsion, and the particles were washed by 95%
ethanol. The CA encapsulated PEBBLEs fabricated by this method show an average size
of 50 nm, by SEM imaging, see Figure 3.3. The active CA in the PEBBLEs was quantified
by the enzyme activity assay, as shown in Figure 3.4. Comparing with the blank PAA
PEBBLEs, the CA encapsulated PEBBLEs did catalyze the hydrolysis of pNPA, thus
indicating the presence of active CA. The amount of the active CA in the PEBBLEs was
determined to be 0.0031 mg CA per mg PEBBLEs. As 43 mg CA was added into the
reaction during PEBBLE preparation and the yield of the PEBBLEs was about 1 g, 7.2% CA

was encapsulated in the PEBBLEs and remained active.

The total enzyme in PEBBLEs was quantified by a coomassie blue protein assay,
since both active and deactivated CA bind with coomassie blue and increase its
absorbance at 595 nm. AOT and brij 30 also increase the absorbance of coomassie blue
at 595 nm, therefore blank PEBBLEs prepared at the same condition as CA encapsulated
PEBBLEs were tested and used as a background (see Figure 3.5). By subtracting the
background, the quantification of the total enzyme in PEBBLEs became more accurate.
By this method it was estimated that 40% of CA was encapsulated in the PEBBLEs. In

summary, out of 43 mg CA added into the reaction, about 60% was not encapsulated
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and therefore separated out from the PEBBLEs during PEBBLE purification and 40% was
encapsulated. Of the 40% encapsulated CA, 7.2% remained active while 32.8% became

deactivated; or in other words, the overall deactivation of encapsulated CA is 82%.

A 7.2% CA survival rate is low. Therefore, experiments were performed to
uncover the factors that caused the CA deactivation. The following solutions were
prepared: 0.08 M AOT, 0.19 M Brij 30, Initiator (mixture of 0.1% w/w Ammonium
persulfate and 1% v/v). The concentrations of AOT, Brij 30 and initiator were the same
as the concentrations used in PEBBLE preparation. The 95% ethanol was also tested
since it was used to wash the PEBBLEs. An aliquot of CA solution was mixed with the
surfactants and initiator solution. For control an aliquot of CA solution was mixed with
10 mM MOPS pH 7.22. The enzyme activity in each mixture was measured immediately
after the mixtures were prepared and after 2 hours of incubation at room temperature.
As shown in Figure 3.6, almost no CA showed activity upon mixing with the anionic
surfactant AOT and only 20% CA remained active after incubation in 95% ethanol for 2
hours at room temperature. Meanwhile, 70% and 80% of CA remained active after
incubating with brij 30 and initiator solution, indicating that most of the CA was not
affected by the nonionic surfactant brij 30 or by the free radicals generated by the
initiator. Additionally it has been reported that nonionic surfactants such as triton X-100,
polyethylene glycol and n-hexanol have been used for assisting the renaturation of CA
and other enzymes (30321, enzyme activity was enhanced in micelles stabilized by

nonionic surfactants such as brij 30 and tween 80 28] Therefore, the nonionic

surfactants would be more useful in PEBBLE preparation, in order to preserve CA activity.
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The structures and HLB (Hydrophile-Lipophile Balance) value of the nonionic
surfactants used in this chapter are shown in Figure 3.1. Table 3.1 lists all the recipes
used to prepare blank and CA encapsulated PEBBLEs. The amount of initiator was
increased to 100 ul 10% (w/w) ammonium persulfate and 100 pl TEMED since the
surfactants may lead to chain transfer reactions which would stop the polymerization
and limit the particle size or yield ). The amount of monomer, water and hexane
remained unchanged from the traditional recipe. The HLB value of each surfactant

system was calculated by the equation:
HLBsystem =2 (MOl % % HLBsurfactant)

According to the literature [34], and based on our experience, the w/o
microemulsion is most stable when its HLB value is between 8 to 10. An illustration of
the water droplets stabilized by a multi-nonionic surfactant system is shown in Figure
3.7. The particle size in Table 3.1 was determined by dynamic light scattering (DSL). It
was discovered that the size of CA encapsulated PEBBLEs measured by DSL is always
bigger than that of the blank PEBBLEs synthesized in the same surfactant systems. And
in most of the recipes, more surfactants were needed to be added for preparing the CA
encapsulated PEBBLEs. This is possibly because the presence of CA in the water droplets
increases the density of the aqueous phase, therefore it requires more surfactants to
provide enough surface tension so that the micelles would be stable. As shown in Table
3.1, recipe #5 and #6 produced much bigger particles and the CA encapsulated particles

were likely to form aggregates and were not suspended in water very well. The size of
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the PEBBLEs prepared by recipe #1 and #2 was favorable; the SEM images are shown in
Figure 3.8. The CA encapsulated PEBBLEs produced by recipe #2 (span 80/tween 80/brij

30 system) were used in further experiments for zinc sensing in Chapter 4.

The particle separation method is also essential for preserving CA activity in
PEBBLEs. The traditional method involves washing the particles with large amounts of
ethanol, which causes the deactivation of CA. Therefore, a new but more complicated
separation method was developed, as described in the experimental section. In the new
method, particles were maintained in the aqueous phase throughout the entire

separation process so that the CA activity would be best preserved.

Figure 3.9 shows the amount of active CA encapsulated in PEBBLEs prepared by
the traditional A/B (AOT/Brij 30) system or S/T/B (span 80/tween 80/brij 30) system,
separated by Al,O3 absorptive filtration or by ethanol washing. By combining the
biofriendly surfactant system and the biofriendly separation process, the amount of
active CA encapsulated in PEBBLEs was increased almost 4 times compared to the
traditional PEBBLE preparation procedure. In other words, as 40% of the total CA was
encapsulated, 28% CA remained active and 12% was deactivated; or the overall
deactivation of encapsulated CA is 30%. On the other hand, just adding more enzymes
during the PEBBLE preparation does not necessarily result in a higher active CA loading.
As a matter of fact, a higher enzyme concentration in the PEBBLE synthesis usually yields

a lower enzyme loading efficiency, therefore 43 mg CA was enough.
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There are two ways to interpret the 28% active and 12% deactivated CA
encapsulation in PEBBLEs. One may consider that each enzyme molecule is either 100%
active or completely deactivated. Under this assumption, it is estimated that there are 7
active and 3 deactivated CA molecules in every 100 PEBBLEs. Another expression, which
might be more accurate, is that all the CA molecules encapsulated inside the PEBBLEs

maintain at only 70% of their activity and an overall deactivation is 30%.

The 28% active CA loading is an observed value. We speculate that the true
active CA loading is higher than 28% because of the following reasons. 1) The diffusion
rates of the substrate, p-nitrophenyl acetate is possibly slower in PEBBLEs than in
solution. 2) The active site in some CA molecules is possibly blocked by the PEBBLE
matrix; therefore it is more difficult for the substrate to reach the active site in the
enzymes. 3) Due to the catalysis of the enzyme and the slower diffusion rates of the
products, the local concentrations of reaction products (p-nitrophenol, H" and CH;COO)
inside the PEBBLEs may be higher than their concentrations in solution. This leads to a
lower local pH in PEBBLEs, at which the absorbance of p-nitrophenol is also lower. All

these factors may result in an under-estimation of the active CA loading percentage.
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Conclusions

This chapter details the development of CA encapsulated PEBBLEs. Since CA has
a delicate structure, as do almost all proteins and enzymes, it is not an easy task to
encapsulate CA in PEBBLEs while maintaining its activity. The polyacrylamide matrix was
chosen because of its well-known biocompatibility, as denoted by previous studies [25-27]

Meanwhile, although many literature articles indicate that proteins and enzymes can be

successfully encapsulated in silica particles, apparently it is not a suitable matrix for CA.

Surfactants also play a key role in preserving the enzyme. We have discovered
that a wide variety of nonionic surfactants can be used to stabilize the w/o
microemulsion and produce nanoparticles. The HLB criterion is a very useful tool for
choosing a suitable nonionic surfactant system and calculating its composition. It has
been shown that the encapsulation of active CA was enhanced by using a biofriendly
nonionic surfactant system, presumably due to the reduced surface charge on the

[28]

micelles ', compared with the anionic surfactant AOT.

The biofriendly particle separation method also greatly contributed to the
preservation of CA. By combining all these methods, the encapsulation of active CA was
increased almost 4 times compared to the traditional PEBBLE preparation process. As
demonstrated by the pNPA assay, the CA encapsulated PEBBLEs might be a promising

tool for biocatalysis.

75



i \/(/‘\/
=0
Na* 'O'S\b ©

Sodium dioctyl sulfosuccinate (AOT)

S

Polyethylene glycol dodecyl ether, FW 362 (Brij 30)

(OCH;CH,),OH

(OCHyCH,), OH

5]
(OCH, CHy),— I:r)J\EWHE_3

W+x+y+z=20

Polyoxyethylenesorbitan monooleate, or Polysorbate 80, FW 1310 (Tween 80)

Sorbitane monooleate, FW 428.6 (Span 80)

76



(OCHZCHzInOH

fn=5-10
CHs
HsC CHz
HsC ZHs

4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol (Triton X-100)

O _H
H O
n

Polyethylene glycol 400, FW 380-420 (PEG 400)

J/(:‘"H’ ‘H/Jrnﬂﬁ

Nonylphenol Ethoxylates, FW 606 (Tergitol NP-9)

h-,#“'“mf”“ n=9

Brij 30 Tween 80 Span 80  Triton X-100 PEG 400 Tergitol

HLB value 9.8 15 4.3 13.5 13 12.9

Figure 3.1 Chemical structure and HLB value of surfactants used in the PAA nanoparticle

[33-35]

synthesis. HLB values were obtained from the literature and vendor website

(Sigma-Aldrich).
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Figure 3.2 The size of the CA encapsulated silica particle was measured by (a) Dynamic
Light Scattering (DSL) and (b) Scanning Electron Microscopy (SEM). The average size in
aqueous solution is 48 nm determined by DSL. It is smaller, but polydispersed, in

vacuum.
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Figure 3.3 SEM image of CA encapsulated PAA PEBBLEs fabricated in AOT/Brij 30

surfactant system. The average size is about 50 nm.
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Figure 3.4 (a) Enzyme unit versus the concentration of CA. This calibration curve of the
enzyme activity assay (pNPA assay) was used for quantifying the active CA inside
PEBBLEs. (b). pNPA assay of CA encapsulated AOT/Brij-30 PEBBLEs (red) and blank

PEBBLEs (blue). The PEBBLE concentration was 5 mg/ml.
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Figure 3.5 Coomassie blue protein assay. (a) Coomassie blue binds with both active and
deactivated CA and its absorbance at 595 nm increases. Therefore, this assay was used
for quantifying the total enzyme encapsulated in PEBBLEs. Blank PEBBLEs prepared
under the same condition as the CA encapsulated PEBBLEs were tested and used as a
background because AOT and brij 30 also increase the absorbance of coomassie blue
(b). By subtracting the background caused by the residual surfactants in the blank
PEBBLEs, the estimation of the total protein amount in CA encapsulated PEBBLEs
became more accurate. (c) The absorbance of coomassie blue versus the concentration
of CA. This calibration curve of the coomassie blue protein assay was used for

guantifying the total CA inside PEBBLEs.
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Figure 3.6 The CA activity was affected by AOT, brij 30, initiator and 95% ethanol. The
concentrations of the solutions are: AOT 0.08 M, Brij 30 0.19 M, Initiator 0.1% w/w
Ammonium persulfate and 1% v/v TEMED. All concentrations were the same as the

concentrations used in PEBBLE preparation.
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Figure 3.7 Illustration of the reverse micelles stabilized by multi-nonionic surfactant

system. The hydrophilic surfactant (high HLB) tween 80 forms the inner layer

surrounding the water droplet, while the lipophilic surfactant (low HLB) span 80 forms

the outer layer. The layers of surfactants provide enough surface tension to stabilize the

micelles.
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Figure 3.8 SEM images of CA encapsulated PAA PEBBLEs fabricated in (a) brij 30 system,

recipe #1 in Table 3.1; and (b) span 80/tween 80/brij 30 system, recipe #2 in Table 3.1.
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Figure 3.9 CA activity in CA encapsulated PAA PEBBLEs fabricated in A/B (AOT/Brij 30) or
S/T/B (span 80/tween 80/brij 30) surfactant systems, purified by Al,03 absorptive

filtration (Al,O3) or by ethanol washing (Ethanol). CA loading amount was 43 or 93 mg.
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Blank particle

CA encapsulated

Recipe | Surfactants Mass Mol % HLB
size (nm) particle size (nm)
1 Brij 30 89¢g 100 9.8 40 (Brij 308 g) 65 (Brij309 g)
Span 80 0.88¢g 17.9
2 Tween 80 255¢g 17 9.70 75 85
Brij 30 27¢g 65.1
Span 80 13g 26.6
3 Tween 80 l6g 10.7 8.89 75
Brij 30 26¢g 62.7
Span 80 13g 71.4 N/A
4 Tween 80 l6¢g 28.6 7.36 300 1-haxanol causes
1-hexanol 8.6g CA precipitation
Span 80 26¢g 55.1 650 (span 80 and
5 Tween 80 32¢g 22.2 8.65 360 tween 80 were
PEG 400 1lg 22.7 doubled)
Span 80 26¢g 41.5 > 2000 (span 80
6 Tween 80 32¢g 16.7 9.68 1400 and tween 80
Tergitol 37¢g 41.8 were doubled)

Table 3.1 Multi-surfactants systems used for PEBBLE synthesis. The HLB value of each

surfactant system was calculated. The particle sizes of blank PEBBLEs and CA

encapsulated PEBBLEs were measured by dynamic light scattering.
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Chapter 4

Zinc Sensing Using PEBBLEs Encapsulated or Conjugated with Wild Type Bovine

Carbonic Anhydrase

Introduction

As the second most abundant trace element in human body after iron, zinc is an

essential cofactor in all six classes of enzymes [1-2]

and several families of regulatory
proteins 351 cells strictly control homeostasis of Zn**; most of the intracellular Zn** is
tightly bound to metalloproteins serving as structural and catalytic components -2 To
that end, the cytosolic free or readily exchangeable Zn®" concentration is reduced by
orders of magnitude and has been determined at the picomolar level [15-16] Despite the

fact that zinc is of high physiological importance, the full purpose for the existence of

zinc in biology remains unclear.

Fluorescence based chemosensors have been developed for zinc sensing, such as
TSQ (N-6-methoxy-8-quinolyl)-p-toluenesulfonamide), Zinquin, ZnAF-2, FluoZin-3,
FuraZin and RhodZin-3, which have been reviewed previously [&-71, Recently more zinc
chemosensors have been discovered [8'11]; these new ratiometric probes exhibit tighter

zinc binding affinity than the traditional chemical probes. The detection limits of most of
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these probes are at nanomolar to micromolar levels, and these probes usually have a
weaker affinity for other ions such as Ca** and Mg®". Although Ca** and Mg** would not
interfere with the above Zn?** sensors when they are at about equal concentrations to
those of Zn%", intracellular free Ca** and Mg2+ are orders of magnitude higher than those
of free Zn®*. These ions could saturate all the metal binding sites of the fluorophores and

thus interfere with Zn>* sensing =

Recently, biosensors for zinc sensing that involve the use of biologically derived
molecules have become an active research area. Genetically encoded sensors based on
fluorescence resonance energy transfer (FRET) have been developed (12381 | these
sensors, binding with zinc ions induces protein conformational changes and therefore
leads to changes in the energy-transfer efficiency between the fluorescent donor and
acceptor [12-25] Progress has been made by using these probes for intracellular zinc

sensing as well as demonstrating their potential utility in these studies. [15-26]

Comparing with other chemo- or bio- zinc sensors, Carbonic anhydrase offers
many desirable traits for zinc sensing, making it particularly useful. This has been

extensively studied as a fluorescence-based biosensor by Fierke and Thompson 17291,

1) Wild type CA Il displays a picomolar level zinc binding affinity and excellent selectivity.
The zinc binding dissociation constant of wild type human CA Il was determined to be 4
pM [201, which is comparable to the intracellular free Zn>* concentration. Wild type CA II
has very little binding affinity to Ca®* and Mg?*, and other transition metal divalent

cations, like Mn?*, Co®* and Ni?*, bind with CA Il much less tightly than Zn ¥ (see Table
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4.1). The only possible binding competitor is Cu®* which has a 10-fold higher binding
affinity than Zn>"; however, intracellular free Cu®* is estimated to be a 1000-fold lower

than that of zn [*7),

[20-22] [23-25] has

2) Tunable CA-zinc binding affinity, binding kinetics and metal selectivity
been achieved by mutagenesis. A family of CA Il mutants has been developed. These
mutants exhibit a femtomolar to micromolar range of zinc binding affinity, faster
dissociation rate constants and altered metal selectivities. For instance, the E117A
mutation displays a 5000-fold smaller dissociation rate constant and an only 40-fold
decreased affinity, compared to the wild type CA II; therefore it is particularly useful for

zinc sensing [20]

3) Ratiometric excitation measurement, based on FRET (16, 26], was established. A
fluorophore, Alexa Fluor 594 (AF594), is covalently attached to CA Il and serves as the
FRET acceptor. When dapoxyl sulfonamide binds to holo CA I, it serves as a FRET donor
and its excitation is transferred to AF594, which emits at a longer wavelength. The FRET
intensity ratio increases with the fraction of zinc-bound CA Il and thus reveals the Zn**

concentration.

4) Other than fluorescence intensity or ratiometric methods, anisotropy and lifetime
based methods have also been used for zinc sensing by CA Il and the sulfonamide
fluorophores 27321 A|| these favorable features of CA Il make it an outstanding new tool
to study the intracellular Zn** storage and distribution, and thus can reveal the biological

functions of zinc.
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Previous work accomplished in our lab has successfully embedded a commercial
zinc sensing chemical probe, Newport Green, into nano-PEBBLEs B3] This nanosensor
was demonstrated to respond to zinc in a fast, reversible and reproducible manner and
its dynamic sensing range has been determined to be at the micromolar level. It has also
displayed many of the classical advantages of PEBBLE nanosensors, such as (1)
ratiometric measurements by co-loading a reference dye, (2) reduced interference by

proteins’ non-specific binding, as well as other advantages detailed in Chapter 1.

In this work, bovine CA was immobilized inside, or on the surface of, nano-
PEBBLEs, by encapsulation or post-conjugation. The aim was to combine the advantages
of both CA Il and PEBBLEs. The development of CA encapsulated and conjugated
PEBBLEs for zinc sensing is described in this chapter, while the issues encountered while

carrying out this work are also addressed.
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Experimental and Methods

Reagents. Carbonic Anhydrase from bovine erythrocytes, acrylamide, GDMA
(glycerol dimethacrylate), Brij (30polyoxyethylene (4) lauryl ether), Tween 80
(polysorbate 80), Span 80 (sorbitan monooleate), TEMED (N,N,N’,N’-
tetraethylmethylenediamine), ammonium persulfate, MOPS (4-
morpholinepropanesulfonic acid), p-nitrophennyl acetate, Diamox (actazolamide),
Sephadex G-25, aluminum oxide (neutral), bicine (N,N-Bis(2-hydroxyethyl) glycine), NTA
(nitrilotriacetic acid), DPA (2,6 pyridine dicarboxylic acid), DNSA (dansyl amide or 5-
(Dimethylamino)-1-naphthalenesulfonamide), ammonia solution in 1,4-dioxane, cobalt
chloride and zinc chloride standard solution were purchased from Sigma-Aldrich (St.
Louis, MO, USA). APMA (N-(3-aminopropyl) methacrylamide hydrochloride) was
purchased from Polyscience (Warrington, PA, USA). Dapoxyl sulfonyl chloride was
purchased from Invitrogen (Eugene, OR, USA). Chelex 100 resin was purchased from Bio-
Rad (Hercules, CA, USA). Sulfosuccinimidyl-4-[N-maleimidomethyl]cyclohexane-1-
carboxylate (Sulfo-SMCC) was purchased from Soltec Ventures (Beverly, MA). All buffer
solutions were prepared from 18MQ Milli-Q water purified by a Millipore Advantage

A10 system and passed through a Chelex 100 column.

Preparation of CA encapsulated PEBBLE. The monomer solution was prepared
by first dissolving CA in 1.2 ml MOPS buffer (pH 7.22), then dissolving 711 mg acrylamide
and 55 mg APMA, and adding 240 pl GDMA at last. This monomer solution was added to

an argon deoxygenated solution that contained 45 ml of hexanes, 2.6 g Brij 30, 1.6 g
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Tween 80 and 1.3 g Span 80. The solution was stirred under argon throughout the
duration of the preparation. To initiate the polymerization, 100 pl of 20% (w/w)
ammonium persulfate solution and 100 ul TEMED were added. The solution was stirred

at room temperature for two hours to assure complete polymerization.

Next step was to separate the PEBBLEs from the surfactants and unreacted
monomers. First, 50 g Al,03 was immersed in water-saturated hexane for 30 minutes.
The w/o microemulsion was mixed with the stabilized Al,03; and the mixture was stirred
for 30 minutes so that the particles in aqueous phase were absorbed onto the Al,0;
surface, leaving most of the surfactants in the hexane phase. The mixture was then
vacuum-filtered and the Al,0; was washed with hexane, eight times, each time with 50
ml. After the washing step, hexane was completely evaporated by vacuum filtration or
by rotary evaporation, so as to yield dry Al,O3 with particles absorbed on the surface.
The particles were then extracted from the Al,O3 with water, eight times, each time
with 50 ml. The resulting particle suspension was centrifuged at 5000 rpm for 10
minutes, and the precipitate and floating mass were discarded. The clear supernatant
was transferred into an Amicon stir cell, and the particles were washed with 800-1000

ml water and then freeze dried.

Preparation of CA conjugated PEBBLE. 50 mg PEBBLEs were first suspended in
2.5 ml 10 mM MOPS pH 7.22, into which 3 mg Sulfo-SMCC was added. The mixture was
kept stirring at 600 rpm for 2 hours at room temperature, then transferred to an Amicon

cell and washed with 60 ml MOPS buffer. The CA solution was added into the resulting
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mixture, under constant stirring at 600 rpm, and the mixture was kept stirring overnight
at room temperature. 1.736 mg L-cysteine was added afterwards and the mixture was
kept stirring for 2 more hours. Finally the PEBBLEs were washed in Amicon cells with 60

ml MOPS, so as to eliminate unreacted enzymes and peptides.

Synthesis of Dapoxyl Sulfonamide. Dapoxyl sulfonamide is not commercially
available; therefore it was synthesized from the commercially available precursor
Dapoxyl sulfonyl chloride (DSC) 321 DS also reacts with water and the side reaction
produces a fluorescent by-product, dapoxyl sulfonyl acid. In order to reduce the side
reaction, a 0.5 M ammonia solution in 1,4-dioxane was used instead of ammonium
hydroxide. A 600 ul ammonia dioxane solution was added into a small vial containing 10
mg DSC and the reaction mixture was stirred at ice-cold temperature for 2 hours, in the
dark, for the reaction to complete. Then the dioxane was removed by rotary

evaporation.

The product was dissolved in 200 pl THF (Tetrahydrofuran), and 2-3 ml water
was added. Then the pH of the solution was adjusted to about 5 by adding one drop of 1
M HCI. After sitting in room temperature for about 30 minutes, the dapoxyl sulfonamide
precipitated, leaving the dapoxyl sulfonyl acid in solution. The mixture was then
centrifuged at 5000 rpm for 10 minutes and the supernatant was discarded. This
procedure was repeated three times and the precipitate was freeze-dried. The product
was further purified by an Al,O3 column containing about 50 g Al,03. The column was

first run with 80 ml CH,Cl,, eluting out dapoxyl sulfonyl acid, and then the mobile phase
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was changed to methanol (80 ml), eluting out dapoxyl sulfonamide. The elution was

collected and the solvent was rotary-evaporated to obtain a dry yellow powder.

Product purity was assessed by Al,O3 TLC plates. Dapoxyl sulfonamide was
identified by its yellow fluorescence when excited by a hand-held UV light while the
dapoxyl sulfonyl acid exhibits a much weaker, blue fluorescence. An analysis of the
product was also performed on a Micromass LCT Time-of-Flight mass spectrometer with
Electrospray and APCI and the purity was estimated to be 90 % (m/Z of dapoxyl
sulfonamide is 344). The concentration of dapoxyl sulfonamide was determined by its

absorbance at 365 nm (g = 22,000 M*cm™) 321,

Removal of Zn** from CA and PEBBLEs. The preparation of apo CA is described in
the literature 4. Basically, for free enzyme, a 20-50 uM CA solution was first prepared
by dissolving CA in 10 mM MOPS (pH 7.22) containing 25 mM DPA (2,6 pyridine
dicarboxylic acid). This solution was stored at 4°C overnight and the excess DPA was
removed by serial dilution with 10 mM MOPS (pH 7.22), followed by concentration in an
Amicon Ultra Centrifugal Filter Unit with a 10 kDa membrane cut-off size. The apo-
enzyme was then further purified by running it through a 10 cm Sephadex G-25 column.
For any experiments involving apo CA, all reagents were of the highest purity available
and all solutions were made from 18 MQ Milli-Q water treated by Chelex 100 resin so as
to minimize the metal contamination. All plasticware used for apo CA was also pre-
treated, for minimizing metal contamination. The apo CA concentration was determined

by pNPA assay with excess Zn** added.
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Regarding the PEBBLEs, a 25 mg/ml PEBBLE suspension was prepared in 10 mM
MOPS pH 7.22 containing 25 mM DPA and the suspension was kept at 4°C overnight.
The particles were washed with 10 mM MOPS 50~60 ml in a pre-treated low metal

Amicon ultra-filtration cell to eliminate excess DPA.

Calibration of apo CA and apo CA encapsulated or conjugated PEBBLEs. A 2-5
UM apo CA solution or 2-5 mg/ml PEBBLE suspension was prepared with 10 mM MOPS
pH 7.22, containing 10 mM NTA (nitrilotriacetic acid). A 4-fold molar excess of dapoxyl
sulfonamide was added into the solution or suspension. The NTA was used as a
chelating agent to maintain a low free Zn** concentration. Spectra were collected on a
Horiba FluoroMax-3 fluorometer by exciting the sample at 365 nm and recording the
resulting emission from 430 nm to 700 nm in 1 nm increments with an integration time
of 0.5 sec. An aliquot of zinc chloride was added after each successive spectrum was
collected. The samples were prepared and continuously stirred by a magnetic stir bar in
a 4.5 ml quartz cuvette which was kept at 25°C by a water-jacketed temperature

controlled cuvette holder. All experiments were repeated in triplicate.

The interference of surfactants on sulfonamide fluorescence. Solutions of 1%
w/Vv brij 30, tween 80, span 80, triton X-100, AOT, 1-hexnaol and PEG 400 were prepared
in 10 mM MOPS. Solutions of 5 uM sulfonamides were also prepared in 10 mM MOPS.
The sulfonamide solutions were transferred into a 4.5 ml cuvette, and the fluorescence
of dapoxyl sulfonamide (excitation 365 nm, emission 430-700 nm) or dansylamide

(excitation 330 nm, emission 400-650 nm) was recorded on the fluorometer. Then, 20 pl

100



of each surfactant solution was added to the sulfonamides solutions, and the
fluorescence changes induced by the surfactants were measured at 535 nm for dapoxyl

sulfonamide and at 450 nm for dansylamide, respectively.

101



Results and Discussion

In this chapter, both CA encapsulated PEBBLE and CA conjugated PEBBLE were
tested for zinc sensing. As stated in Chapter 3, bovine CA was used as a substrate
because of its robust nature and the affordable price. The bovine CA (Sigma-Aldrich) is a
mixture of isoforms, and no purity claim is made by the vendor. The zinc binding
dissociation constant K4 of this commercial product was measured in our study and was
determined to be 2917 pM. As a reference, the reported Ky of pure wild type human CA

Ilis 4 pMm 29,

The zinc sensing scheme is shown in Figure 4.1. Briefly, holo CA was first
incubated with the zinc chelator DPA, to remove Zn** from its active site and thus
produce apo CA. The sulfonamide fluorophores bind to zinc-bound CA and the
fluorescence change of the fluorophores was measured. A non-fluorescent sulfonamide
inhibitor, diamox, which has a much tighter binding affinity with CA than the fluorescent
inhibitors, was added into the solution so as to replace the fluorescent inhibitors, and
the background fluorescence was subsequently measured. The excitation, emission,
guantum yield and CA binding affinity of the fluorescent inhibitors used in this work,

dapoxyl sulfonamide and dansylamide, are listed in Table 4.2.

Figure 4.2 shows the fluorescence change of dapoxyl sulfonamide while binding
to the blank PEBBLE and CA encapsulated PEBBLE. The blank PEBBLE was purified by
washing the particles in Amicon stirred cells with 500 ml ethanol and 500 m| water. The

residual surfactants interacted with the fluorophore, resulting in a background
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fluorescence that showed little change when 0.5 mM diamox was added. On the other
hand, although CA inside the CA encapsulated PEBBLEs did bind with dapoxyl
sulfonamide, therefore inducing a fluorescence increase, it also showed a higher
background than the blank PEBBLEs when diamox was added. This is because the Al,03
absorptive filtration purification method did not eliminate the surfactants as effectively
as ethanol washing. The interference of the surfactants with sulfonamide fluorophores
was tested by monitoring the spectra of the fluorophores, in the presence and absence
of the surfactants, as shown in Figure 4.3. Almost all the nonionic surfactants used in
PEBBLE preparation enhanced the fluorescence of both the dapoxyl sulfonamide and
the dansylamide. While AOT and 1-hexanol did not interact with the fluorophores, they

deactivated CA.

The CA encapsulated PEBBLEs were incubated with DPA at 4°C for 48 hour, then
washed with 10 mM MOPS pH 7.22 in pre-treated, low metal, Amicon stirred cells so as
to remove the Zn-DPA complex and excess DPA. Finally, the zinc binding affinity of the
PEBBLEs was tested. However, these tests showed no fluorescence change at different

2 . . . .
free Zn“" levels, as shown in Figure 4.4. Therefore, the zinc sensing was not successful.

A possible reason for the above failure is that Zn®* is difficult to remove from the
CA after the CA was encapsulated by the PEBBLEs. It has also been reported that Zn%" is
difficult to remove from some CA fluorescence conjugates, and that it is necessary to
replace the zinc with cobalt (ll) before conjugation, then conjugate the cobalt bound

enzyme and remove the cobalt last, because CA binds with cobalt much less tightly than
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with zinc ™. For that reason, Co-bound CA was prepared and the removal rate of Co™
or Zn** from CA was tested, based on the enzyme activity. As shown in Figure 4.5, by
incubating with DPA at room temperature for one hour, 80% Co®" and 25% Zn** were
removed, confirming that Co”" binds with CA much less tightly than Zn**. However,
possibly the enzyme became less stable when the Zn** was replaced by Co®*, because it
is much easier for CA to lose Co** and become deactivated. So the attempt of
overcoming the above problem by encapsulating Co-bound CA in PEBBLEs, while
maintaining its enzyme activity, has failed. So far, zinc sensing using CA encapsulated

PEBBLEs has encountered many difficulties; most likely it is not a promising method.

Another enzyme immobilization approach was performed. This time, the enzyme
was post-conjugated onto blank PEBBLEs, after the PEBBLEs were washed with plenty of
ethanol and water to completely eliminate the surfactants. The amine groups on the
PEBBLEs were first reacted with Sulfo-SMCC and then the maleimide-activated PEBBLEs
were linked with the thiol groups of the enzyme. The detailed reaction mechanism is

available at the vendor website, (http://www.piercenet.com/). The activity of the Co-

bound CA conjugated PEBBLEs was determined to be 2-fold higher than the activity of
the CA encapsulated PEBBLE prepared by the new method, detailed in Chapter 3, and
has almost 7-fold the activity of the CA encapsulated PEBBLEs prepared by the

traditional method (see Figure 4.6).

In Figure 4.7, the binding of CA conjugated PEBBLEs and dapoxyl sulfonamide

was verified by the fluorescence change of dapoxyl sulfonamide. After adding diamox,
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the PEBBLEs showed almost no surfactants interference. The zinc binding affinity of the
conjugated CA on the PEBBLE’s surface was also tested, and the dissociation constant Kq4
was determined to be 7.50+2.34 pM (see Figure 4.8). Therefore, the post-conjugation
method has demonstrated many advantages and the zinc sensing by CA conjugated

PEBBLEs has been successful.
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Conclusions

Two enzyme immobilization methods were described in this chapter. Free zinc
sensing by CA encapsulated PEBBLEs was not successful because of the listed issues: 1)
The enzyme is very delicate; therefore we had to use a much milder recipe and
purification methods for the CA to remain active in the PEBBLEs. However, higher
amounts of residual surfactants were thus left in the PEBBLEs. 2) The residual nonionic
surfactants enhance the fluorescence of the sulfonamide probes and thus result in a
significant background. 3) Zn®" is difficult to remove from the CA after its encapsulation
in PEBBLEs. 4) Although Co®" is easier to remove from CA than Zn*", after encapsulation
in PEBBLEs the Co-bound CA became deactivated. For all these reasons, the CA

encapsulated PEBBLEs are not a promising avenue for zinc sensing.

Meanwhile, the post conjugation of CA on the PEBBLE surface showed many
advantages over the encapsulation method. The preparation is quite straightforward
and the surfactants can be eliminated almost completely. Since the enzyme was post-
conjugated, after the PEBBLEs were washed with plenty of ethanol, the interference of
surfactants with the sulfonamide probes is minimal, and, at the same time, the CA
activity can be preserved. However, it is noted that the CA is immobilized onto the
surface of the PEBBLEs; therefore, in intracellular measurements, the enzyme will be
exposed directly to the cellular environment and thus a few of the classic PEBBLE
advantages will no longer be available. The cellular environment and the CA are not

protected from each other; the interaction between CA and cellular biomicromolecules,
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such as protease attack, cannot be reduced or eliminated. However, very important
advantages, like targeted delivery and reduced sequestration, should still be present. In
summary, the CA conjugated PEBBLEs are a very promising tool for intracellular free zinc

sensing.
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pKq Zn () Cu(l) Ni(l) Co(ll) Mn(ll) cCa(ll) Mg(ll)

Wild Type Human CA Il 12 13 7.8 6.8 <3.4 <2 <1.3

Table 4.1 Binding affinity to wild type human CA Il of divalent cations 7.,

Free/Bound Agx (nm)  Agm (nm)  Quantum Yield Kg (uM)
Dansylamide Free 330 560 0.08
Bound 450 0.55 0.8
Dapoxyl sulfonamide Free 365 615 0.01
Bound 535 1.00 0.13

Table 4.2 CA fluorescence inhibitors used as Zn?* sensing probes [2s],
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Figure 4.1 The CA sensing scheme for Zn**. After the Zn*" is removed from holo CA, it
forms apo CA, which binds with the sulfonamide fluorophore (FL) in the presence of Zn%*
and induces a fluorescence change on the fluorophore. Then the fluorophore is
exchanged to diamox which binds with CA, with a tighter affinity, and forms a non-

fluorescent complex for measuring the background.
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Figure 4.2 The fluorescence of dapoxyl sulfonamide binding with either blank or CA
encapsulated PEBBLEs. Blank PEBBLEs were purified by ethanol washing and the CA
encapsulated PEBBLEs were purified by Al,05 absorptive filtration. After recording the
spectra of dapoxyl sulfonamide binding with the PEBBLEs, diamox was added to replace

dapoxyl sulfonamide and the background was recorded.
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Figure 4.3 The interference of surfactants on the fluorescence of the sulfonamide
fluorophores. All of the surfactants used in PEBBLE synthesis (brij 30, tween 80 and span
80) enhance the fluorescence of the sulfonamides, dapoxy! sulfonamide (DPS) and
dansylamide (DNSA). Excitation: DPS 365 nm, DNSA 330 nm; emission DPS 535 nm,

DNSA 450 nm.
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Figure 4.4 Calibration of the CA encapsulated PEBBLEs. This graph shows no
fluorescence change as Zn’" is added, indicating that this sensing scheme is not
successful for CA encapsulated PEBBLEs. Calibration was performed in 10 mM MOPS (pH

7.22) containing 10 mM NTA at 25°C.
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Figure 4.5 The removal of Co®" and Zn®" from bovine CA. After incubating with the Zn
chelator DPA (2,6 pyridine dicarboxylic acid) for one hour at room temperature, 80%

Co®* and 25% Zn*" are removed, assuring that Co”" binds with CA much less tightly than

Zn*.
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Figure 4.6 The activity of the CA conjugated PEBBLEs (Co-bound CA conjugated PEBBLEs)
is 2-fold than the activity of the CA encapsulated PEBBLEs, prepared by the nonionic
surfactant system S/T/B (span 80/tween 80/brij 30) and purified by Al,05 absorptive
filtration; almost 7-fold than the activity of CA encapsulated PEBBLEs prepared by the

A/B (AOT/Brij 30) surfactant system and ethanol washing.
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Figure 4.7 The fluorescence of dapoxyl sulfonamide binding with CA conjugated
PEBBLEs. The PEBBLEs are washed with plenty of ethanol and water before CA is
conjugated onto the PEBBLEs. Therefore, the interference of the residual surfactants is

minimal and the enzyme structural integrity is well preserved.
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Figure 4.8 Free Zn* sensing calibration with the CA conjugated PEBBLEs. The Zn
dissociation constant Kq is determined to be 9.4+1.2 pM. Calibration was performed in

10 mM MOPS (pH 7.22) containing 10 mM NTA at 25°C.
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Chapter 5

Conclusions and Future Directions

As discussed in Chapter 1, the remarkable engineer-ability of the PEBBLE
nanosensors makes them more advantageous for intracellular sensing than the free
indicators. These advantages are summarized as follows: 1) Minimal physical and
chemical perturbations to the cells due to the small size and the chemically inert matrix.
2) Protection of the cellular environment from the potential toxicity of the indicator and
vice versa. 3) Elimination of the interference to the indicator caused by the nonspecific
binding of the indicator to proteins or membranes. 4) Reducing the unwanted
sequestration of the indicator by cellular organelles. 5) Enabling ratiometric
measurements by co-loading a reference dye and a non-ratiometric indicator in the
same PEBBLE. 6) Fast response time enabled by the high surface-to-volume ratio. 7)
Targeted delivery to a specific location of interest and/or to avoid unwanted
compartmentalization, such as into endosomes. 8) Synergistic detection schemes, e.g.
the combination of an enzyme (glucose oxidase) and a fluorescent indicator (for oxygen)

to measure an analyte (glucose).
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The first six advantages listed above were well demonstrated by the Rhod-2
PEBBLEs for intracellular Ca** sensing, as detailed in Chapter 2. It was verified by our
results that nonspecific binding of Rhod-2 to BSA was eliminated due to the protection
of the PEBBLE matrix, because the fluorescence and the binding affinity of the Rhod-2
PEBBLEs did not change in the presence, or absence, of BSA. The Rhod-2 PEBBLEs were
designed to be ratiometric by co-loading a reference dye (Hilyte fluor 647), while the

Rhod-2 free dye is not ratiometric by itself.

One limitation of this work is that the PEBBLEs were delivered into cells by
nonspecific endocytosis; therefore the nanoparticles may stay in endosomes which
usually have acidic pH. This may affect the accuracy of the Ca** detection, since acidic
pH interferes with Ca** sensing by Rhod-2 PEBBLEs. In order to solve this issue, in our
future experiments, PEBBLEs will be delivered through receptor-mediated endocytosis
with surface-conjugated translocating proteins or peptides (such as F3 peptide), or
through the cell-penetrating TAT peptide. By these means, PEBBLEs can be directly
delivered into the cytosol and thus unwanted compartmentalization in endosomes can

be avoided.

Another PEBBLE design, for our future research, is to monitor multiple signals
using single-nanoparticle platforms, and, in this case, monitor intracellular local pH and
Ca” at the same time. We name it “multi-channel detection” which has become one of
our research interests in the past few years U To date, the new technologies in confocal

fluorescence microscopy that allow the simultaneous detection of multiple emission
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channels, have made the “multi-channel detection” possible. As shown in our results in
Chapter 2, the calibration of the Ca’* nanosensor was skewed when the pH was below 6,
indicating that the Ca® sensing was not accurate or that corrections to the calibration
were required at low pH. Therefore, by monitoring intracellular local pH and Ca®
simultaneously, we will be able to differentiate any spots with pH lower than 6 and thus
make corrections to the Ca®* levels of those spots, so that the accuracy of the
intracellular Ca®* sensing will be improved. Additionally, the concept of “multi-channel
detection” would enable a diversity of simultaneous experiments, which would be
highly useful for studying biological processes. For example, it has been reported that
mitochondrial Ca®* signaling is affected by cytosolic Mg?* level, and previous studies
have shown that mitochondrial Ca** uptake increases with the increase of cytosolic Mg**
concentration . By monitoring the Ca** and Mg2+ levels at the same time, this
biological process can be further clarified by using PEBBLE nanosensors. We also note
that a combination of two calcium indicators, e.g. Rhod-5N and Fluo-3 or Fluo-4, if
spectrally resolved, could provide a wider dynamic range (from nanomolar to millimolar)

for the analyte.

The development of enzyme based sensors is also a research field of interest due
to the improved sensitivity and selectivity of the enzyme based biosensors. For example,
carbonic anhydrase (CA) Il exhibits a picomolar Zn* sensing affinity and also excellent
selectivity to Zn** over other cations ™!, Chapter 3 focused on the fabrication and
purification of enzyme encapsulated nanoparticles, using bovine CA as a substrate. Due

to the delicate structure of the enzymes, the entire preparation procedure of the
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enzyme based PEBBLEs must be highly biocompatible and biofriendly. Any harsh
condition, such as very high or very low pH, use of ethanol or toxic reagents, may cause
the deactivation or denaturization of the enzyme. Our study has established a
biofriendly PEBBLE preparation method, by using a nonionic surfactant system and by
avoiding using ethanol to wash the PEBBLEs. Comparing with the traditional PEBBLE
preparation procedure, this new method has improved the CA survival rate almost four

times as demonstrated in Chapter 3.

In Chapter 4, the study of zinc sensing, using CA encapsulated or conjugated
PEBBLEs, was discussed. Unfortunately, the zinc sensing using CA encapsulated PEBBLEs
was not successful because of the following reasons: 1) Nonionic surfactants interfere
with zinc sensing by enhancing the fluorescence of the zinc sensing probes. 2) Zinc is
difficult to remove from the holo CA after encapsulation. 3) The cobalt bound CA, from
which cobalt is easier to remove than zinc, is not robust enough to survive the PEBBLE
preparation procedure. Although the zinc sensing using CA encapsulated PEBBLEs was
not successful, the encapsulation method developed in Chapter 3 can be used for other
enzymes, proteins, or biomacromolecule sensors, which of course must be more robust,

and with a simpler sensing scheme than CA.

As so many difficulties were encountered when using the CA encapsulated
PEBBLEs for zinc sensing, we experimented with using CA conjugated PEBBLEs and
successfully demonstrated their ability to monitor the zinc concentrations in solution

tests. Comparing with the encapsulation method, the preparation of the CA conjugated
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PEBBLEs is very straightforward. The enzyme was post conjugated onto the particle
surface after the particles were washed with plenty of ethanol and water, so as to
completely remove residual surfactants; therefore the interference by surfactants was
minimal. Since CA is covalently linked onto the particle surface, the structural integrity
of CA was preserved and the zinc (or cobalt) was able to be easily removed from the
holo CA. As demonstrated by our study in Chapter 4, the zinc binding affinity of CA
conjugated PEBBLEs was found to be at the picomolar level, which is comparable to the

free CA.

Since CA was conjugated onto the particle surface, and therefore it will be in
direct contact with cellular environment for intracellular sensing, a few advantages of
PEBBLE nanosensors (such as protecting the cellular environment from the potential
cytotoxicity of the indicator, and protecting the indicator from protease attack or
nonspecific binding caused by proteins) will no longer be available. However, other
advantages such as minimal physical perturbation, fast response, ratiometric

measurement, reduced sequestration and targeted delivery, still remain.

In our future studies, the CA conjugated PEBBLEs will be designed for ratiometric
measurement by co-loading a reference dye, and targeted delivery will be achieved by
surface-conjugating F3 or TAT peptide. Intracellular zinc sensing through confocal
fluorescence microscopy will be performed. Moreover, FRET based CA conjugates and

CA mutants, developed with altered zinc binding affinity, binding kinetics and metal
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selectivity by Fierke and colleagues Bl will be conjugated onto PEBBLEs and utilized for

intracellular zinc sensing.

In summary, this work has lead to several developments and significant progress
concerning PEBBLE nanosensors, and it will contribute to improvements and

optimization of sensing platforms in future research.

125



[1]

[2]

3]

References

Y. Koo Lee, R. Smith, and R. Kopelman, "Nanoparticle PEBBLE Sensors in Live
Cells and In Vivo", Annual Review of Analytical Chemistry, (2)1: 57-76, 2009

G. Szanda, A. Rajki, S. Gallego-Sandin, J. Garcia-Sancho, and A. Spat, "Effect of
cytosolic Mg”** on mitochondrial Ca** signaling", Pfliigers Archiv-European Journal
of Physiology, (457)4: 941-954, 2009

T. K. Hurst, D. Wang, R. B. Thompson, and C. A. Fierke, "Carbonic anhydrase II-
based metal ion sensing: Advances and new perspectives", Biochimica et
Biophysica Acta (BBA) - Proteins & Proteomics, (1804)2: 393-403, 2010

126



