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Abstract

The goal of my Ph.D. thesis is the development of supramolecular sensing
ensembles based on host-guest complexes for the detection of biological molecules
and for monitoring membrane translocation as well as enzymatic transformation.
Moreover, these host-guest complexes can be utilized to characterize mixed ligand

gold nanoparticles and the deaggregation of perylene-based dyes.

The first part of the thesis focuses on the development of novel, robust, simple,
and economic fluorescence-based enzyme assay. An analytical technique has been
developed for the continuous monitoring of ornithine decarboxylase (ODC) activity
by fluorescence spectroscopy. The assay is composed of a reporter pair, which
includes the macrocycle cucurbit[6]uril (CB6) and the fluorescent dye trans-4-[4-
(dimethylamino)styryl]-1-methylpyridinium iodide (DSMI). Macrocycle (CB6) has
a significantly higher binding constant to certain biogenic amines, in particular to
the ODC product putrescine, such that the assay with CB6 is much more sensitive.
The performance of the assay for the screening was also evaluated in a microplate
reader format, which provided an excellent Z’-factor, indicating its potential for

high-throughput screening (HTS).

The second part of the thesis introduces a fluorescence-based biomembrane assay
for molecular recognition by the macrocyclic host inside the liposome. In general,
supramolecular receptor molecules suffer from low affinity to analytes; therefore,
we have introduced a liposome-based sensing approach based on the
supramolecular tandem membrane assay principle. The liposome-encapsulated
receptor molecules provide higher sensitivity than a homogeneous solution. Most of
the analytes could be detected at nanomolar concentrations through this liposome

enhanced sensing approach.



The third part of the thesis focuses on the determination of membrane
permeability and activation energy. Time-resolved monitoring of membrane
translocation of analytes is of utmost importance in membrane research. Existing
methods are limited to single point determinations or flat synthetic membranes,
limiting biologically relevant kinetic parameters (permeation rate constant,
permeation coefficients). We have introduced a fluorescent artificial receptor
membrane assay (FARMA), which is used to monitor in real-time the permeation of
indole derivatives through liposomal membrane. FARMA method is a label-free
method that enabled the determination of permeation rate and permeability
coefficients. FARMA is also applicable to determine the fast permeating analyte
tryptophan methyl ester passing through the liposomal membrane using stopped-
flow fluorescent measurements. Furthermore, to study the effect of phase transitions
on membrane permeability, we have performed experiments with 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine  (DPPC)/,2-dioleoyl-sn-glycero-3-phospho-L-serine
(DOPS) vesicles, which were in perfect agreement with the biphasic nature of the
lipids. During the transport of indole derivatives through DPPC/DOPS liposomes,

the expected non-linearity was observed in the Arrhenius plot.

The fourth part of the thesis focuses on the characterization of mixed ligand gold
nanoparticles and the sensing of the lysine decarboxylase product. The
quantification of the ligand density of modified gold nanoparticles is technically
challenging, but is of utmost importance for quality control in many applications.
Herein, we describe the characterization of mixed ligand shells on gold
nanoparticles by a simple, fast, straightforward, and sensitive colorimetric method
and a CB7 supramolecular assay to assess the total ligand density and accessible
ligand density. The decarboxylase enzyme activity could be monitored by a

X



colorimetric method based on gold nanoparticles aggregation. Substrate
decarboxylation, resulting in the product (diamine), triggered gold nanoparticles
aggregation, thus changing the color of the gold nanoparticles solution. In the last
part, we report that host-guest complexation affects aggregation of perylene diimide
(PDI) dyes, wherein complexation of PDIs by CB7 and CB8 enhances the

fluorescence and reduces the self-aggregation of the PDI in aqueous solution.
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Chapter 1. Introduction

Chapter 1

1. Introduction

1.1 Supramolecular Host-Guest Complexes

The study of supramolecular chemistry focused on non-covalent interaction within
and between molecules. Supramolecular chemistry is specified as the chemistry that
goes beyond the covalent bond and the individual molecules.”) In biological
systems, natural molecules such as proteins, nucleic acids, lipids, and their
multimolecular complexes, have been the important source for the supramolecular
research field. In 1890, the German scientist Emil Fischer explained non-covalent
interaction via “lock and key” principle, where substrate bind to the enzyme active
site.”) To understand the non-covalent interaction, Cram,® Lehn,™ and Pedersen®®
synthesized different host molecules such as crown ethers, cryptands, cavitands, and
carcerands. These host molecules are able to encapsulate a variety of guest
molecules and change the chemical reactivity. For instance, highly reactive,
unstable, antiaromatic cyclobutadiene became stable at ambient temperature, when
encapsulated inside a carcerand cavity.!®! Further, the supramolecular host-guest
complex provides a robust platform to analyte recognition,”? delivery of drug
molecule to a target site,®! catalysis of chemical reaction,” and synthesis of
macrocycle and polymer using template effect.™® Recently, the supramolecular
chemist has begun to handle larger complex host structure, e.g., cyclodextrins,™!
cucurbiturils,*?! calixarenes™! and resorcinarenes.! In this chapter, I will focus on

the use of the macrocyclic hosts, cucurbiturils in combination with fluorescent dyes.
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1.2 Cucurbiturils

Cucurbit[n]urils (CBn) are a class of cyclic oligomers of n glycoluril units self-
assembled from the acid-catalyzed condensation reaction of glycoluril and
formaldehyde.'™ The parent member, CB6, was synthesized by Behrend and
coworkers in 1905 and known as Behrend’s polymer.*®! The exact molecular
structure remained unclear until 1981 when Mock and coworkers established the
macrocyclic structure, which is composed of six glycoluril units and connected by
twelve methylene groups in a pumpkin shape.'”! This initial discovery is reinforced
to synthesis new CBn homologues such as CB5, CB7, CB8, CB10, and CB14 by
the research groups of Kim, Day, and Tao.'® Currently, research based on
cucurbiturils has overcome most of the early problems, for instance, poor solubility,
unavailability of homologues of the different sized hosts, methods for preparing
functionalized cucurbiturils and provides an excellent platform for fundamental

molecular recognition and self-assembly studies.

1.3 Molecular Recognition of Cucurbit[n]urils

Macrocycle CBS5 is the smallest unit in the cucurbiturils family, and synthesis of
CB5 was first reported by Kim and coworkers.’® The limited cavity volume of
CB5 restricts the encapsulation of guest molecules compared to the larger
homologues of the CBn family. The binding affinities of CB5 with respect to metal
ions and organic cations (K, ~ 10° M), which is bound to the portal of CB5.["™
Furthermore, recently, Nau and coworkers demonstrated that the encapsulation of
noble gases inside the cavity of CB5 in an aqueous environment.') The limited size

of decamethyl-CBS5 is highly suitable to bind gases such as Ny, O,, CO, and CO.*"!

The most common and abundant homolog is CB6, which is well-known to bind
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aliphatic diamines. The binding affinity is in the range of 10? - 10 M depending
on the alkyl chain length.l’®! Further, CB6 has a moderate binding affinity in water

with neutral and cationic organic species.’*

Chart 1.1. Chemical structures of cucurbiturils in different sizes.
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The homologue CB7 has larger cavity size and higher aqueous solubility relative
to the CB6, such that CB7 can encapsulate a wide range of analytes, particularly
adamantylamine and ferrocene derivatives associated with higher binding affinity
K. > 10" M™. This bulky molecule (adamantylamine and ferrocene) perfectly
matched the cavity size of CB7 and therefore release the high energy water

molecules from the macrocycle cavity.?” CB8 has larger cavity volume than CB7

4
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and the larger cavity of CB8 allows for the encapsulation of one aromatic guest
molecules or two molecules.”® For instance, electron-deficient methyl viologen
(MV) forms a 1:1 complex with CB8 in water with an association constant of 1.1 x
10°> M, and further, the addition of electron-rich 2,6-dihydroxynapthalene to the

MV+CB8 complex resulted in ternary complex with electron donor-acceptor pair.’*

1.4 Cucurbit[n]uril and Fluorescent Dye-Based Sensor Systems

The inclusion of a fluorescent dye into cucurbit[n]urils can alter the photophysical
properties of the fluorescent dye. Several studies have investigated the change of

photophysical properties upon complexation.™?

Conventional, supramolecular
sensor systems were designed based on the “receptor-spacer-reporter” system,
where the macrocycle acts as a receptor for molecular recognition and dye
molecules acts as a reporter. However, this system is required extensive
synthesis.® Additionally, Anslyn and coworkers developed indicator displacement
assay (IDA). With these systems, addition of analytes displaces the indicator from
the receptor molecule, resulting in optical signal modulation.?® Displacement of the
dye from the receptor molecule recovers the original fluorescence of the dye. This
changes the photophysical properties upon complexation with macrocycle and

decomplexation due to an analyte. This reporting element is called “reporter pair”

or “chemosensing ensemble.”

Encapsulation of the dye molecule inside the macrocycle, alters the fluorescence
of the dye molecule due to following reason: i) Protection by macrocycle from
quencher and solvent® ii) dye molecule is located inside hydrophobic
environment,®! jii) rotational and vibrational freedom of the dye molecules is

restricted inside the macrocycle.! In the case of cucurbiturils, ion-dipole
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interactions between carbonyl groups and cationic dyes play a vital role in altering
the photophysical properties of the dye. For instance,host-assisted dye protonation

increased the fluorescence of the dye upon complexation with CB7.E

1.5 Supramolecular Tandem Enzyme Assay

Tandem assays rely on reporter pairs composed of a macrocyclic receptor and a
fluorescent dye, as a host-guest complex, leading to a change in the fluorescence
spectroscopic properties of the dye.PY In the tandem assays, the receptor
additionally interacts either with the substrate or the product of the enzymatic
reaction leading to a displacement of the fluorescent dye.*? Upon enzymatic
conversion of the substrate into the product, the overall propensity of the reaction
mixture to displace the fluorescent dye from the macrocyclic host changes, i.e., the
enzymatic reaction, either converts a weakly binding substrate into a strongly
binding product or vice versa, which generates a detectable fluorescence change.
This affords an alternative, simple, inexpensive, and label-free method to monitor

enzymatic reactions continuously.®*
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a)
vey + ( PE— 3 —_— | + ye
I -~ | —~
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Fluorescence enhancement Fluorescence decrease
by complexation by competitor addition
b)
< - N
ek — ~~—— =
competitor
Fluorescence quenching Fluorescence regeneration
by complexation by competitor addition

Figure 1.1. The operational principle of fluorescent tandem assays. Upon formation
of the macrocycle-dye complexes either a) fluorescence enhancement or b)
fluorescence quenching is observed. Further addition of competitor molecule
displaces the fluorescent dye and restores the optical properties of the free dye.

1.6 Supramolecular Tandem Membrane Assay

The permeation of drugs through lipid membranes is a crucial factor in
pharmacokinetics and early drug design.* To investigate the permeation of drugs,
robust and sensitive methods are desirable. Thus, suitable membrane assays for
rapid screening of analytes are in demand.**! The standard biophysical method to
investigate the translocation/permeation of analytes is electrophysiology, which is
unable to distinguish between translocation and binding of analytes.*® Different
methods are available to determine the translocation of the analytes, such as

38] jsothermal titration calorimetry,®”! or NMR

radioactivity-based methods,
spectroscopy.8) However, these methods are not preferable for HTS of drugs.
Fluorescence-based membrane assays are suitable for HTS in pharmaceutical

industries.
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The in vitro fluorescence-based supramolecular tandem membrane assay affords
label-free method, real-time Kinetics, and is suitable to analyze a variety of
structurally related biomolecules (Figure 1.2).°°! Reporter pair encapsulated
liposomes are prepared and purified, such that a subsequently added analyte
permeate through membrane and displaces the dye molecule from the macrocycle.
Further, selection of reporter pair is crucial, and it should fulfill the following
conditions: i) receptor molecule (macrocycle) should exhibit high affinity to the
target analyte ii) dye molecules need to show enough fluorescence change after the

addition of the analytes iii) reporter pair (host/dye) should not permeate through

[39]

lipid membrane, and iv) reporter pair encapsulated liposome should be stable.

Figure 1.2. The operational principle of supramolecular fluorescent tandem
membrane assays. The reporter pair is encapsulated inside the liposome. Upon the
addition of an analyte to the lipid membrane, analyte permeates through the
membrane and binds to the macrocycle, and thus, displaces the fluorescent dye.

1.7 Scope of the Thesis

The scope of the thesis is the development of novel fluorescence-based assays
using supramolecular host-guest complexes. | have developed several assays,
including supramolecular tandem enzyme assay for ODC, supramolecular tandem

membrane assays for determining lipid membrane permeability and activation

8
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energies of permeation, as well as enhanced liposome-based supramolecular
sensors. In addition, mixed ligand shells gold nanoparticles were characterized by a
supramolecular surface probe and transition metal ions. Further, gold nanoparticles

were utilized for the sensing of decarboxylase products.

Polyamines are associated with several types of cancer, including breast, skin,
colorectal, bladder, and cervical cancer.*! The rate-limiting enzyme, in the
biosynthesis of polyamines is ODC, which catalyzes the decarboxylation of L-
ornithine into putrescine and carbon dioxide.*! ODC is considered as a vital target
in the treatment of certain types of cancer and parasitic diseases.[*"® Further, ODC
inhibitors are hard to identify due to the lack of suitable ODC enzyme assays. In
particular, HTS-compatible enzyme assays for ODC are currently not available,
such that systematic identification and exploration of large libraries of potential
inhibitors is currently not possible. In Chapter 2, we describe a label-free, simple,
convenient fluorescent assay for continuously monitoring ODC activity and
screening potential ODC inhibitors based on the previously reported supramolecular

tandem enzyme assay principle.**

A liposome is a potential tool for an analytical application as a sensor for detecting
relevant chemical and biological analytes.*? Further, numerous liposome-based
assays as signal amplifiers have been reported, including flow-injection liposome
immunoanalysis,*®! liposome immunosorbent assay,™**! and liposome immunolysis
assay.[*®) Sensitivity is a pivotal factor in the development of biosensors. To
increase sensitivity, signal amplification is an essential approach during sensor
development. In this sense, liposome acts as a powerful signal amplifier when

molecules interact with the particular receptor or signal marker compound.*®!
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Liposomes as a sensor platform have several advantages such as the possibility for
amplification of the sensor signal, biocompatibility, and simple preparation without
chemical synthesis. Several sensors based on liposomes have been developed.®?
These sensors are typically composed of fluorescent dyes, electrochemical marker,
and specific receptor molecules located in the interior volume of the liposome or
within the lipid bilayer.B* *”! When the target analytes enter the liposomal system,
receptors molecules interact with analytes, which cause a signal change in the
liposomal sensor system. However, host-guest binding interaction in the interior of
the liposomes is currently inexplicable, it inspired us to a more advanced method to
increase the sensitivity of liposome-encapsulated supramolecular sensor systems
(Chapter 3). The supramolecular sensors are often suffered from a limited
sensitivity owing to low affinities (typically in high uM to mM range). Further
several supramolecular receptor molecules have been developed for the sensing

application of several analytes. ™ 2 242 48 However, these receptor molecules

suffer from poor sensitivity of analytes.

The permeability of molecules across lipid membranes is a fundamental process.
Passive diffusion through the lipid membrane is a preferred route entry of most
drugs.?! Several membrane permeability assays have been developed, two of
which have become popular in the pharmaceuticals industry: the parallel artificial
membrane assay (PAMPA)® and the Caco-2 cell permeability assay.®® The
PAMPA assay quantifies the molecules after passive diffusion in flat synthetic
membranes. The Caco-2 cell assay is desired to identify molecules that can pass
through a monolayer of epithelial cells. However, several problems persist in
routine permeability assays. Particularly, PAMPA and Caco-2 cell assay is usually

restricted to single-point measurements and it is challenging to obtain fundamental
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kinetic parameters.®! Caco-2 cell assay measures the sum of the active and passive
permeability ®%. The aim of Chapter 4 is addressing some of the existing problems.
In particular, the development of membrane assay based on the fluorescent artificial
receptor (FAR). This provides an alternative simple, sensitive, and label-free

method to continuously monitor the analytes permeation across the membrane.

Monolayer and mixed-monolayer protected gold nanoparticles have been
extensively studied for their use in a variety of applications, including biological
sensing,® imaging,©®® biocompatibility cell targeting applications,®* nanowires, "
and nanotubes.”™™ The addition of functional groups like amine or carboxylate
moieties to the surface of gold nanoparticles allows forming chemical bonds with
target ligands.®® For example, the carboxylate group is able to form amide bonds
directly with an amino group of a molecule.®” Ligand footprint, coupling
efficiency, and accessibility of functional groups on the particle surface are the
parameters that are of utmost importance for quality control in many
applications.®® To assess these parameters, a fast, simple, and reliable screening
method is required. In Chapter 5, we have demonstrated the characterization of the
mixed-ligand shells on gold nanoparticles (AuNPs) by transition metal ion and

supramolecular surface probes.

Monitoring enzymatic activity is essential to understand the kinetic parameter of
the enzyme. In Chapter 5, we describe that AuNPs can be used to readily monitor

amino acid decarboxylase activity by a colorimetric assay.

Perylene diimide (PDIs) dyes are potential building blocks for the development of
functional materials.®® Further, these dyes have excellent absorption, fluorescent

properties, and outstanding thermal, and photochemical stability.” PDI-based dyes
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are familiar for the formation of H or J type aggregation’®” Thus, water-soluble
PDIs, including monomeric form, have been studied in a variety of research fields
such as biomedical application,® supramolecular architectures,®® as well as
optoelectronic applications.®® However, the formation of n-n stacks between the
perylene backbone in water reduces the fluorescence quantum yield of the dye.[
The formation of ©t-rt stacks generates a significant challenge for the application in
several research fields. For instance, PDI dyes limit the usage of confocal
microscopy or single-molecule spectroscopy techniques. In Chapter 6, we have
demonstrated that supramolecular host-guest complexes can be used to inhibit
aggregation of PDIs in water by using large macrocycles such as CB8, CB7 and,

cyclodextrin (CD).
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Corresponds to: Appendix 10.3.1

Nilam, M.; Gribbon, P.; Reinshagen, J.; Cordts, K.; Schwedhelm, E.; Nau, W.
M.; Hennig, A., A Label-Free Continuous Fluorescence-Based Assay for
Monitoring Ornithine Decarboxylase Activity with a Synthetic Putrescine
Receptor. SLAS Discov. (formerly J. Biomol. Screen) 2017, 22, 906-914.
Copyright © 2017, SAGE Publications. DOI: 10.1177/2472555216689288.

2.1 Ornithine Decarboxylase

Measuring enzymatic activity is essential for drug targets.'® Many drugs function
through inhibition of target enzymes. The development of a robust enzymatic assay
for HTS applications is critical.®® Thus, understanding the enzyme biochemistry
and the kinetics of enzyme action is essential. Mammalian ODC, (EC 4.1.1.17) is
the crucial enzyme in the polyamine biosynthetic pathway,!*!! and catalyzes the
decarboxylation of L-ornithine into putrescine and carbon dioxide utilizing
pyridoxal 5’-phosphate (PLP) as a cofactor."*"! The polyamines are involved in cell
growth, and the ODC enzyme is a potential targets in the treatment of certain types
of cancer and parasitic diseases.*! Polyamines are associated with numerous
processes in carcinogenesis.’) Elevated polyamines levels are linked with
increased cell proliferation, decreased apoptosis and increased expression of genes,
which are affecting tumor invasion and metastasis.®®! Also, polyamines are
involved in certain types of cancer, such as breast, skin, colorectal, bladder, and

cervical cancers.]
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2.2 ODC Activity and Polyamine Measurements Overview

Different methods for monitoring ODC activity have been reported,’®? which are
radioactive assay, radioimmunoassay, chemiluminescence-based
method, colorimetric measurements, amperometric measurements, and LC/MS-
based measurements. All these methods have intrinsic advantages and
disadvantages. Radioactive ornithine acts as a substrate, and the radioactive assay is
built on the use of [1-*C] trapping the resulting **CO, and determining its
radioactivity.’” An alternative method is based on tritium labeled putrescine from
uniformly labeled ornithine. Putrescine is captured by negatively charged
phosphocellulose paper, and radioactivity is determined after washing with
ammonium hydroxide.®® Chemiluminescence based method is a sensitive method,
which permits the detection of putrescine in the picomolar range.**d In the
chemiluminescence based method, cellular extracts are incubated with ornithine and
spotted onto p81 phosphocellulose paper strips. After drying, paper is washed with
ammonium hydroxide to remove the impurities. Then, diamine oxidase (DAO) is

used to oxidize the putrescine, which resulted in hydrogen peroxide (Scheme 2.1).
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Scheme 2.1. Ornithine is converted into putrescine by ODC and putrescine is
oxidized by diamine oxidase and formed hydrogen peroxide, which is assayed by
the chemiluminescence-based method using luminol and peroxidase.
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The colorimetric method is a sensitive method for the determination of the
polyamine, which permits the detection of putrescine in the picomole range.[*% ™
Two different colorimetric methods have been reported, where putrescine is
measured by colorimetric quantification of the H,O,, which is released after its
oxidation by soybean amine oxidase (SAO). The oxidations of putrescine by SAO
produces H,O,, which reacts with 4-aminoantipyrin and phenol to yield colored

complexes that absorb at 492 nm (Scheme 2.2).["1
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Scheme 2.2. Colorimetric enzymatic assay for ODC activity.
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2.3 Fluorescence-Based ODC Assay

We have introduced supramolecular tandem enzyme assays, in which reporter
pairs composed of a macrocyclic receptor and a fluorescent dye interact either with
the substrate or the product of the enzymatic reaction leading to a displacement of
the fluorescent dye.*** 72 Upon conversion of the substrate into the product by the
enzyme, the overall propensity of the reaction mixture to displace the fluorescent
dye from the macrocyclic host changes, i.e., the enzymatic reaction either converts a
weakly binding substrate into a strongly binding product or vice versa generating a
detectable fluorescence change. This affords an alternative simple, inexpensive, and

label-free method to continuously monitor enzymatic reactions.

A robust and convenient approach for monitoring ODC activity is based on the
supramolecular tandem enzyme assay principle is introduced.®3> 72 we apply
trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium (DSMI) iodide as a
fluorescent dye and CB6 as a macrocyclic receptor, which was recently reported to
form a highly fluorescent inclusion complex.l”® The substrate of ODC binds very
weakly to CB6, whereas the product putrescine is a strong competitor. As a
consequence, ODC activity continuously generates a strongly binding product,
which more strongly displaces the fluorescent dye leading to a concomitant
decrease in fluorescent intensity.*> " With the resulting product-selective tandem
assay, we determine enzyme kinetic parameters of ODC, and we demonstrate the
potential for inhibitor screening with two known inhibitors " " namely, DL-a-

difluoromethylornithine (DFMQ) and epigallocatechin gallate (EGCG).
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Figure 2.1. The operational principle of the fluorescence-based supramolecular
tandem enzyme assay for ODC.
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Chapter 3

3. Liposome-Based Sensing

This chapter is derived from the content of the following manuscript and
publication:

1. Nilam, M.; Karmacharya, S.; Nau, W. M.; Hennig, A., Liposome
Enhanced Sensing, Manuscript in Preparation.

1. Assaf, K. I.; Begaj, B.; Frank, A.; Nilam, M.; Mougharbel, A. S.; Kortz,
U.; Nekvinda, J.; Gruner, B.; Gabel, D.; Nau, W. M., High-Affinity
Binding of Metallacarborane Cobalt Bis(dicarbollide) Anions to
Cyclodextrins and Application to Membrane Translocation. J. Org.
Chem. 2019, 84, 11790-11798.

3.1 Supramolecular Sensing

Chemical sensors are capable of transform the chemical information into useful
signals. The word chemosensor has been established as a molecule of abiotic
origin.™ The pivotal importance in the development of chemosensor is that
analytes must communicate reversibly with the receptor molecule.”® The interest
guest analytes bind with chemosensors by non-covalent interaction; this can be
coined supramolecular chemosensors. Optical chemosensors are composed of a
binding site and chromophore. When analyte binds to chemosensor, it alters the

chemosensor optical properties.’?!

Naturally obtained biological receptors in biosensors might have higher affinity
and selectivity for biological analytes.l”® However, artificial receptors have much
superiority than biotic receptors. Biological relevant molecules are sensitive to an
oxidizing agent, pH, and temperature. Further, optimum conditions are required to

function as biosensors.’”! Artificial receptors are tailored from a variety of robust
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components, and their chemical and physical properties can be altered to meet the
specific requirement. The development of optical chemosensor design should meet
the following key factors, which include the selection of chromophore, analyte

affinity and selectivity, response mechanism, and immobilization technique.

The affinity of the analyte is of pivotal importance in the development of
chemosensors. The common challenge is to enhance the sensitivity of the analyte by
increasing binding affinity. Artificial receptors often have low binding affinity than
biotic receptors. In this context, the high concentration of the analyte is able to
saturate the chemosensor. Thus, the guest concentration may not produce enough
optical signals. In the chemosensor design, the rule of thumb is dissociation
constant (Kg) must match approximately of the guest concentration or host

concentration.

Another essential aspect of the development of chemosensor is the selection of
chromophore, which is used to report analyte detection. The absorption wavelength
should be suitable with light-absorbing substance. For instance, protein absorbs
light in the ultraviolet region, and therefore, for the detection of biological analytes,
an optical chemosensor should have Zmx value higher than 400 nm.["®! Artificial
receptors binding the analytes are driven by electrostatic, hydrogen bonding, and
van der Waals interactions. These intermolecular interactions effectively controlled
molecular recognition by host-guest mechanism and host pre-organization, which
leads to a stronger and more selective binding.! Further, several supramolecular
receptor molecules have been developed for the sensing application of several
analytes. However, supramolecular sensors often suffer from a limited sensitivity

owing to low affinities (typically in high uM to mM range).
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3.1.1 Indicator Displacement Assay

Indicator displacement assays (IDAs) have become very familiar for optical
sensing applications, and this provides sensing analytes at low concentrations using
spectroscopic methods.’® IDAs are based on an indicator, which binds to a
receptor via non-covalent interactions, and this leads to alter the optical properties
of the indictor (Figure 3.1). Further, an analyte enables the displacement of the
indicator and binds to the receptor. Thus, the indicator restores its original optical
properties.*Y! IDAs utilizing artificial host molecules have become a potential tool
in the research field of supramolecular chemistry, because IDAs have many
advantages compared to other sensing methods. First, covalent attachment of the
receptor and the indicator is not required, second, one receptor has an affinity to a
variety of different analyte, it provides to displace the indicator, and third, the IDA

is suitable in organic solvents and aqueous media.

3.1.2 Associative Binding Assay

Instead of displacing the indicator dye from a macrocycle, sufficiently large
macrocycles, such as CB8, can form ternary complexes composed of the fluorescent
dye dimethyldiazapyrenium dication (MDAP) and an analyte. The binding of the
analyte to the CB8/MDAP complex resulted in fluorescence quenching of MDAP.
This was successfully established in homogeneous solution the recognition of a
large variety of electron-rich aromatic guests, e.g., alkoxynaphthalenes, indole
derivatives including the neurotransmitter tryptamine, and N-terminal phenylalanine
residues in peptides. Furthermore, complex formation was sufficiently fast to

provide real-time monitoring of enzymatic reactions.®!
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Scheme 3.1. Schematic illustration of associative binding of the analyte with a
hostedye complex.
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3.2 Sensing-Based on Liposome

A liposome is a powerful tool for an analytical application as a sensor for
detecting relevant chemical and biological analytes.*) Liposomes as a sensor
platform have several advantages such as amplification of the sensor signal,
biocompatibility, and simple preparation without chemical synthesis. Several
sensors based on liposomes have been developed.[*?! These sensors are typically
composed of fluorescent dyes, electrochemical marker, and specific receptor
molecules located in the interior volume of the liposome or within the lipid
bilayer.®® *J When the target analytes enter the liposomal system, receptor
molecules interact with analytes, which cause the signal change in the liposomal

system.

3.2.1 Membrane Surface Bound Receptor

Few membrane surface-bound receptor molecules have higher binding interaction
for the analytes than in bulk solution. Also, the membrane interface has
significantly different polarities than the homogeneous solution, and this
[82]

microenvironment is expected to have a dramatic effect on binding interactions.

Hydrogen bonding interaction is noticeably enhanced at the lipid-water (or lipid-air)
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interface. The latter is developed by self-assembly of amphiphiles on pure water.®*!
For example, guanidinium-functionalized lipid monolayer effectively senses the
ATP or AMP with a binding constant about 10° times larger than the value of 1.3
M™ in homogeneous solution.®? Further, another binding enhancement has been
found based on the chelate effect on the lipid membrane surface. The binding
affinity between Cu®* and membrane-bound receptor molecules significantly
enhanced binding constant relative to the homogeneous solution. This significant
binding constant enhancement can be demonstrated by the polarity difference in the
membrane-water interface and concentrating effect by the membrane.®?® Thus,
lipid-water (or air) interface behaves like a signal amplifier in intermolecular

[84c]

binding.

3.2.2 Analyte Enrichment inside Liposome Based on pH Gradient

Encapsulation of a chemical compound inside the phospholipids vesicles or
liposomes is an active research field.[®™ This encapsulation technique is utilized by
several industries such as pharmaceuticals,®® food,®”! and textiles.®® Effective
encapsulation of ionizable chemical compounds inside the vesicle interior involves
the establishment of a pH gradient between the vesicles interior and surrounding
solution.® In liposomal systems, transmembrane pH gradients can facilitate the
encapsulation of commonly employed drugs.®® The pH outside the liposome
provides that some of the analytes exist in neutral form, which is highly membrane
permeable. Inside the liposome, the analyte becomes ionized due to the pH variation
and trapped inside the liposome. The pH gradient between the membranes is the
driving force to trap the ionizable analytes into small volumes for detection and
quantification.®™ Furthermore, neutral basic compounds (amine) diffuse across the

phospholipids membrane, inside the vesicle amine will be protonated, and
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accumulated inside the vesicles.®**? This diffusion process continues until the
concentration of the neutral amine is balanced between the membranes.®l The
enrichment inside the vesicle increases with increasing pH of the external solution
up to the limit, when pH outside > pK,, where all of the basic analyte will be in the

neutral form (Figure 3.1).1%% %193

Utilizing the pH gradient in liposome or phospholipid vesicles would be useful for
concentrating ionizable molecules into a small volume of vesicles, which could be
used for detection and quantifications.”® The typical vesicles interior volume is on
the order of femto to attolitres when a low concentration of the analyte is
transported into a small volume of vesicles; change in internal concentration of the
analytes is observed inside the vesicles.®™ It was shown that drugs could be loaded
into liposomes by pH gradient method, which gave >1000 times increased local
concentrations.® More recently, theoretical modeling of such pH gradients
indicated a 520,000 fold increased local concentration in the liposome, which was
also experimentally verified by confocal Raman microscopy.® Furthermore, the
transport rate of the analyte to the liposome is given by the following equation 1,
and 2 and the difference between the transport rates of analyte from outside to

inside and vice versa will be the overall transport rate.
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Figure 3.1. Liposome-enhanced sensing with a pH gradient. The concentration of
an analyte inside a liposome can reach much higher values than in the surrounding
medium when a mechanism prevents the analyte efflux. This can be achieved, for
example, by a lower pH inside the liposome. This protonated the analyte and
entrapped it inside the liposome. The much-increased local concentration yields an
overall enhanced sensitivity.
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Scheme 3.2. Supramolecular tandem membrane assays to monitor the diffusion of
analytes through a lipid membrane exploiting associative binding and competitive
binding of analytes with different hostedye complexes.
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3.3 Liposome Enhanced Sensing

3.3.1 Selection of Reporter Pair

We report our systematic approach to develop a novel liposome-based
supramolecular sensing platform to enhance the sensitivity of supramolecular
sensing systems. Further, we have used the supramolecular host-guest method to
determine the apparent binding affinity of the analytes. To assess the binding
affinity of the analytes, we have used previously reported supramolecular host-guest

based tandem assay principle.?3% %!

To adapt the tandem assay principle and enhance the sensitivity of the analytes,
we encapsulated three reporter pairs separately inside the liposome (Scheme 3.2).
Two of the encapsulated reporter pairs (CB7/palmatine (PLM) and hydroxypropyl-

S-cyclodextrin (HP--CD)/berberine (BE)) interact with transported analytes, which
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cause a displacement of the fluorescent dye, further, the larger cavity of CB8 can
also form ternary complexes.”® The residual cavity space of reporter pair
CB8/MDAP complex provides enough space for subsequent binding of aromatic

analytes into the residual cavity space, leading to net fluorescence quenching.®"

Most interestingly, liposome encapsulated reporter pair provide strong
fluorescence response at lower analyte concentrations, than in homogeneous
solution, which is lead to the sensitivity enhancements for analytes. To assess this
phenomenon, we used three different liposomes with encapsulated reporter pair
(CB8/MDAP, CB7/PLM, and HP-5-CD/BE) for the sensing of amines using the pH
gradient between inside and outside of the vesicles. This method is based on the
competitive fluorescence titration (CB7/PLM, HP-p-CD/BE) and associative
binding (CB8/MDAP) against the amine concentration. By monitoring the
fluorescence changes against the concentration of the amine, we could accurately
compare the apparent binding affinity of analytes with liposome-encapsulated

reporter pair and homogeneous solution (without liposome) of the reporter pair.

3.3.2 Chemosensing-Based on Associative Binding

We have prepared the liposomes with a 9:1 molar ratio of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine  (POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (POPS). Further, we prepared liposomes with an acidic interior and a basic
exterior (Figure 3.1). The resulting pH gradient allows a deprotonated (and thus
uncharged) amine to diffuse into the liposome with minimal effort. As soon as the
amine has reached the acidic interior, it will become protonated, and the resulting
ammonium ion will have a much-reduced efflux rate. The resulting difference in

influx and efflux rate leads to an enrichment of the molecule in the liposome

31



Chapter 3. Liposome-based sensing

interior; in this context, the analyte becomes encapsulated inside the liposome.
Further, we have recently demonstrated that reporter pair calixarene
(CX4)/lucigenin (LCG) and CB7/BE can be encapsulated into the aqueous interior
of the liposome.B% Addition of the outer membrane protein (OmpF) to CX4/LCG-
entrapped liposomes indicated no efflux of the dye or CX4. Subsequent addition of
the antimicrobial peptide protamine, the cell-penetrating peptide heptaarginine, or
the neurotransmitter acetylcholine to the solution led to a strong increase in
fluorescence intensity with time. This clearly indicated that the molecules were
transported through OmpF and reached the liposome interior, where they displaced

the fluorescent dye from the macrocycle.

The binding of the analyte to the preformed CB8/MDAP complex results in
fluorescence quenching of MDAP.® This was successfully applied in the aqueous
interior of the liposome and in homogeneous solution to detect a large variety of
electron-rich aromatic guests, e.g., indole derivatives including neurotransmitters
tryptamine and serotonin. Furthermore, complex formation was sufficiently fast to
allow real-time monitoring of the transport of the analytes via membrane tandem

assay.

In a typical tandem membrane assay, increasing concentration of guests was
successively added into a liposome suspension, and the fluorescence was monitored
as a function of time until further addition of guests resulted in negligible changes
(Figure 3.2a). Furthermore, to compare apparent binding affinity, we have
performed typical fluorescent titration in homogeneous solution (Figure 3.2a), with
similar instrumental conditions. The constant fluorescence intensity after guest
addition was then plotted against the guest (serotonin) concentration and analyzed

by a 1:1 host-guest titration curve, which provides an apparent binding constant of
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Ka. = 2.3 x 10° M™. Further, conventional fluorescence titration in homogeneous
solution (without liposome) was carried out. A plot of the fluorescence intensity at
maximum emission wavelength (423 nm) and analysis by a 1:1 host-guest titration
curve provides a binding constant of K, = 3.9 x10°> M™, which is good accordance
with the literature value.®® The combined results revealed (Figure 3.2b), liposome-
encapsulated reporter pair CB8/MDAP provides higher sensitivity to the guest
molecules than the homogeneous solution. Similar experiments were performed
with other analytes (Figure A.1 - Figure A.3see in appendix), all analytes
exhibited higher sensitivity for liposome-encapsulated CB8/MDAP reporter pair

compared to the homogeneous solution (Table 3.1).

3.3.3 Chemosensing-Based on Displacement Mechanism (CB7/PLM)

Apart from the CB8-based associative binding, we have performed experiments
based on the dye displacement mechanism. Therefore, liposome-encapsulated
reporter pairs are prepared, in which, added analyte was transported inside the
vesicles and affects the fluorescence by displacing the dye molecule from the
macrocycle (Scheme 3.2). However, the selection of reporter pairs is crucial,
because the concentration of the reporter pair inside the liposome is higher than the
rehydration buffer, which is used to prepare the liposome.®! Therefore, low binding
affinity (<10* M) between the host-dye reporter pair is highly desirable. Higher
binding affinity reporter pairs display low affinity to the target analytes, which is
competing for the receptor molecules with high affinity dye molecule. Considering
the above observation, we have selected the CB7/PLM reporter pair, which has a

moderate binding affinity (K. = 4.3 x 10* M) with receptor molecule of CB7.1°®!
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Table 3.1. Apparent binding constant values for the complex formation between
different host molecules with amines.
Apparent binding constant Apparent binding constant
(Y] (Y]
- Inside Homogeneous [l Inside Homogeneous [l
Reporter pair  Analyte liposome  solution = liposome  solution =
pH gradient pH 3.5 pH gradient pH 7.5
35-108
7.5-10.8
CB8/MDAP  Trp-NH;  (2.1£09)10" (2.3+0.2)10° 91  (8.1+06)10° (1.1+0.1)10° 7.3
Trp (1.6 £0.6)10" (9.9 +0.8)10* 161  (1.6+0.2)10" (8.0+0.6)10° 200
Trp-OMe (3.6 +0.9)10° (1.3£0.2)10° 28  (6.3+05)10* (3.8+0.2)10* 1.6
Ser (2.7+05)10° (5.5+0.4)10° 491  (23£09)10° (3.9+0.1)10° 589
Tyr (3.6 +0.8)10° (6.0 +0.9)10° 60  (1.1+0.1)10° (2.7+0.2)10° 41
CB7/PLM PheEtNH, (1.4+0.9)10° (2.4 £0.1)10 58 (1.0+0.9)10° (3.1+0.9)10" 3.2
Tyr (5.5+0.8)10° (1.2+0.6)10° 46 (46+08)10° (45+0.2)10° 1.0
Put (3.840.1)10° (1.0+0.2)10° 38 (1.1+0.9)10° (4.6%0.5)10° 2.4
Trp (1.1£0.2)10° (4.5+0.3)10* 24 (3.2+09)10° (2.2+0.2)10°* 14.5
Trp-NH,  (7.8+0.3)10° (3.0 +0.3)10° 26 ndDM n.d.® n.d.®
His (3.8+0.7)10° (1.4+0.1)10* 27 (2.4+0.6)10* (1.1+0.1)10°* 2.2
HP-8-CD/BE Ada-NH, (43+0.7)10° (7.1£0.1)10° 61 (5.3+0.2)10° (5.4 +0.2)10° 98
CyhxNH; (7.0 £0.3)10* (9.0 £0.9)10" 778 (1.7+04)10° (1.7+0.2)10" 1000
PheEtNH, (6.0 +0.7)10* (1.5+0.1)10" 4000 (2.0+02)10* (3.0+02)10" 666
Ferrocene  (1.0+0.3)10° (1.6+0.7)10° 625 (5.1+0.9)10* (1.3%0.7)10° 39
His (8.5+0.9)10* n.all na  (64+01)10° nal n.al
Trp (5.1£02)10* (1.2+0.2)10° 425 (1.1£0.2)10° (5.5 % 0.6)10" 20

2l E;= Enhancement factor, which is ratio between apparent binding constant inside liposome and
homogeneous solution. ™ Not determined. ! Could not be determined binding constant due to low
affinity to receptor molecule.
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Figure 3.2. a) Time-dependent fluorescence changes of POPC/POPS->CB8/MDAP
liposomes (28.4 pM final phospholipid concentration) during the successive
addition of serotonin via the pH gradient (aqueous interior of the liposome 100 mM
Hepes, pH 7.5 and exterior of the liposome 100 mM Na;HPOQO,, pH 10.8). The inset
shows fluorescence spectral changes upon the addition of serotonin to CB8/MDAP
complexes in 100 mM Hepes, pH 7.5 b) Comparison of liposomes encapsulated
(CB8/MDAP) reporter pair fluorescence changes with a homogeneous solution
against serotonin concentration. Apparent binding constant was determined by 1:1
host-guest binding equation (CB8, 0.35 M), (Lex = 338 nm and Zem = 423 nm).

The response of the liposome-encapsulated CB7/PLM reporter pair toward the
transported analytes into the vesicles was explored by competitive kinetics method,
in which analytes successively added in small portions to a solution containing the
liposome-encapsulated reporter pair CB7/PLM (Figure 3.3). This revealed that a
low concentration of tryptamine was required to efficiently displace dye PLM, and
fitting of the resulting titration curve by nonlinear regression gave a binding
constant of K, = 1.1 x 10° M for tryptamine (Figure 3.3). In contrast, titration in a
homogeneous solution gave a low binding constant of K, = 4.5 x 10* M (Figure
3.3), which is almost similar to the previously reported value.® Similarly, we have
analyzed some of the analytes, which indicates that liposome-encapsulated reporter
pair has higher apparent binding affinity than the homogeneous solution (Table 3.1,

Figure A.4 - Figure A.7 see in appendix).
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Figure 3.3. a) Time-dependent fluorescence changes of POPC/POPS >CB7/PLM
liposomes (25.7 pM final phospholipid concentration) during the successive
addition of tryptamine via the pH gradient (aqueous interior of the liposome 100
mM sodium citrate, pH 3.5 and exterior of the liposome 100 mM Na,HPO,, pH
10.8). The inset shows fluorescence spectral changes upon the addition of
tryptamine to CB7/PLM complexes in 100 mM sodium citrate, pH 3.5 b)
Comparison of liposomes encapsulated (CB7/PLM) reporter pair fluorescence
changes with a homogeneous solution against tryptamine concentration. Apparent
binding constant was determined by 1:1 host-guest binding equation (CB7 = 6 pM,
PLM =1 uM), (lex = 425 nm and Aem = 495 nm).

3.3.4 Chemosensing-Based on Displacement Mechanism (HP-g-CD/BE)

To further apply our method, we have selected low-affinity receptor molecule HP-
B-CD, which has a binding affinity in the range of (10 - 10°) M~ to the analytes.[*
This indicates that millimolar macrocycle concentration is required to achieve
significant complexation with the analytes. The binding constant between HP-4-CD
and BE was found to be (K, = (137 = 4) M*. Furthermore, liposome-encapsulated
reporter pair HP-5-CD/BE provide micromolar affinity to the analytes (Table 3.1).
The response of the HP-5-CD/BE reporter pair toward the analytes was explored by
competitive titrations. In a typical experiment, increasing concentration of guest
phenethylamine (PheEtNH;) was successively added to a liposome suspension, and
the fluorescence was monitored as a function of time until further addition of guest
resulted in a negligible change (Figure 3.4a). The constant fluorescent intensity
after guest addition was then plottedagainst the guest concentration (Figure 3.4b).

An expected, the resulting plots showed a high affinity to the PheEtNH, (Table3.1).
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In contrast, titration inhomogeneous solution provides millimolar affinity to the
PheEtNH, (Figure 3.4b). Similarly, other analytes also exhibited high binding
affinity to the liposome-encapsulated reporter pair (Table 3.1, Figure A.8 - Figure
A.9, see in appendix). For all analytes, the binding constant is higher in the pH
gradient of 3.5 - 10.8 compared to the pH gradient of 7.5 - 10.8 (Table 3.1). This is
in accordance with analyte enrichment inside vesicles; the higher the pH gradient,
the higher the enrichment of the analytes are previously established.®" *Y Further,
enhancement factor (Ef) was slightly different with different pH gradient, and this
presumably originates from that acidic pH slightly increase the binding affinity in

homogeneous solution.
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Figure 3.4. a) Time-dependent fluorescence changes of POPC/POPSoSHP-4-
CD/BE liposomes (53.5 pM final phospholipid concentration) during the successive
addition of PheEtNH; via the pH gradient (aqueous interior of the liposome 100
mM sodium phosphate, pH 7.5 and exterior of the liposome 100 mM Na;HPO,, pH
10.8). Fluorescence spectral changes upon the addition of PheEtNH, to HP-p-
CD/BE complexes in 100 mM sodium phosphate pH 7.5 (inset). b) Comparison of
liposomes encapsulated (HP-#-CD/BE) reporter pair fluorescence changes with a
homogeneous solution against PheEtNH, concentration. Apparent binding constant
was determined by 1:1 host-guest binding equation (HP-5-CD = 20 uM, BE= 1
MM), (Aex = 420 nm and Aem = 540 nm).
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In summary, we have evaluated the liposome-based sensing system to sense the
analytes. The liposome-encapsulated receptor molecules provided higher sensitivity
than in homogeneous solution. Receptor molecules that are encapsulated in the
interior of the liposomes have a higher apparent binding affinity for the analytes due
to higher concentration of host-guest molecules in the interior of the liposome
leading to enhance the formation of host-guest complexes, thus increasing the
sensitivity of the reporter pair. Most of the analytes exhibited detection of
nanomolar concentration through liposome-enhanced sensing approach. In general,
supramolecular receptor molecules suffer from a low affinity to analytes. The
alternative method is to syntheses receptor molecules for different analytes.
However, our liposome-based methods provide higher sensitivity without chemical
synthesis; therefore, we believe the liposome-based sensing method will become

useful in the supramolecular sensing research field.

3.4 Membrane Translocation of Metallacarborane Cobalt
bis(dicarbollide) Anions

3.4.1 Boron Clusters

Boron has been used in several applications in chemistry, electronics, material
research, and the life sciences. The chemistry of boron has many attractive features:
location in the elements of the periodic table and electronic structure. Boron exists
beside the carbon atom in the periodic table and exhibits some closeness and also
shows some differences.[*®! Boron related compounds are not frequently observed in
nature. However, they can be synthesized and create a three-dimensional structure.
The large boron hydrides can create a polyhedral boron cluster; in this context,
metallabisdicarbollide was discovered by Hawthorne.®® Polyhedral boranes create
cage compounds with general molecular formula B,H,>. The stability of these

compounds under standard conditions is restricted to boron hydride anions
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where n = 6 - 12.%! Carboranes are formed by replacement of one or more BH
units by CH units. Further, carboranes can accommodate metals and provide a new

branch of coordination compounds known as metallacarboranes.

3.4.2 Hydrophobicity of Boron Clusters

The existence of hydride beside boron atoms makes specific properties in the
boron cluster. Partially negatively charged hydrogen atoms inhibit the formation of
a hydrogen bond with water that makes hydrophobic characteristics. Further, the
electronegativity difference of hydrogen and boron atom allows forming
dihydrogen bond, which is formed between the positively charged hydrogen atom
of proton donor and hydric proton acceptor.'™™ Dihydrogen bonds are weaker than
classic hydrogen bonds; thus, the repulsive force toward the surrounding water

molecules is overcome; this renders to the boron cluster hydrophobic.!*°*!

3.4.3 Metallacarboranes

In metallacarboranes transition metals (Fe, Ni, Co) are sandwiched between two
anionic carboranyl ligands to create species with a negative charge. Further, weakly
polarized B-H bond and C-H bond generate non-electrostatic intermolecular
interactions, thus create hydrophobic and hydrophilic simultaneously. In the past
few decades cobalt bis(dicarbollide) [(C2BgH11).Co]™ also known as COSAN has
been extensively studied in many research field including boron neutron capture
therapy,*® extraction of Cs* from nuclear fuel,*%! and as inhibitor of HIV

protease.**!
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NS

Figure 3.5. Molecular structure of COSAN [(1,2-C;BgH11)2-3,3'-Co)]".

3.4.4 Binding Affinity of Boron Cluster with Cyclodextrin

Encapsulation of the guest molecules inside the macrocyclic host is an interesting
phenomenon in aqueous solution. The main driving force for the encapsulation of
the analytes is the hydrophobic effect. However, the chaotropic effect also plays a
vital role in the formation of inclusion complexes of highly water-soluble dianionic
dodecaborates B1,X1,° and Bi,X11Y>'where X = H, Cl, Br, | and Y = OH, SH,
NHs*, NR3*, which form inclusion complexes with y-cyclodextrin. The binding
affinity was assessed by NMR and ITC. That shows dianionic dodecaborates have a
micromolar affinity to j-cyclodextrin.?%! Recently, we have demonstrated that
COSANSs have a micromolar affinity to y-cyclodextrin. The binding of the COSANS
inside the cavity of the y-cyclodextrin was investigated by NMR, ITC, UV-visible
spectroscopy, mass spectrometry, and cyclic voltammetry.%®! The entrapment of
COSAN:Ss inside the cavity of y-cyclodextrin alters the photophysical properties and

electrochemical properties.
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3.4.5 Membrane Translocation of COSAN

The transport of COSANs was initially investigated using synthetic DOPC
membrane. Also, COSAN is not required driving force to cross the membrane.”!
Further, in electrophysiology measurements electrical capacitance of the membrane
is constant throughout COSAN transport, which indicates that COSANSs transfer
through the membrane without creating pore or membrane disruption. This
electrophysiological measurement agreed with COSAN translocation monitored by

ICP-MS. ) In contrast, COSAN was not expected to overcome the energy barrier

of the lipid membrane.™®! Further, unusual amphiphilic nature of the COSAN

overcomes the energy barrier of the lipid membrane.

3.4.6 Stability of Reporter Pair (y-CD/dapoxyl) Encapsulated Liposomes

Liposomes have been investigated for drug delivery, drug targeting, and controlled
release; however, the major drawback of the drug delivery system is instability. The
use of liposomes as a drug delivery vehicle has several advantages over
unencapsulated compounds. Liposomes act as storage of the interesting compounds,
and enhance sufficient time of administered drugs to reach the target site, %
encapsulation of the interesting drugs in liposomes provide protection against
clearance from blood or degradation before reaching the target site.*>! However,

leakage of the liposome content encountered several problems. Fluorescence probe

carboxyfluorescein was used (CF) to investigate the liposomes leakage.**%!
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Figure 3.6. Time-dependent fluorescence changes a) upon addition of COSAN b)
without COSAN of EYPCoCF liposomes c) translocation of COSAN was observed
with addition of 5 uM COSAN to reporter pair (20 mMy»-CD/ 0.8 mM dapoxyl)
loaded POPC/POPS liposomes, to further confirm leakage of the dapoxyl, when
reached to the plateau 5 mM »-CD was added. To lyse the vesicles 1.2% LDAO was
added, this almost restores initial fluorescence intensity d) translocation of the
COSAN further verified by the addition subsequent addition of »-CD and
adamantanecarboxylic acid.
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Chapter 4

4. Fluorescent Artificial Receptor Membrane Assay

This chapter is derived from the content of the following manuscript:

Nilam, M.; Collin, S.; Karmacharya, S.; Nau, W. M.; Hennig, A., Determination

of Membrane Permeability and Activation Energy by Fluorescent Artificial
Receptor Membrane Assays (FARMA) Manuscript in Preparation.

4.1 Membrane Permeability

Most drugs need to cross the cellular membrane to reach the predetermined target.
Strong binding of a drug molecule to its expected target is significant for potency,
and reduced cellular membrane permeability leads into low or non-existent in
vivo efficacy.® Detailed understanding of the membrane permeability of the given
molecule is essential in the viewpoint of pharmacokinetics and drug design.** Two
different transport mechanisms are available in eukaryotic systems: active and
passive. Active transport of molecules is associated with transport proteins, which
utilize ATP to cross the membrane. However, passive transport allows diffusion of
the molecules through the membrane without energy input, and is the most

dominant route of the molecules to cross the membrane.

Membrane permeability is a critical factor in the drug design channel. Several
well-characterized in vitro and in silico permeability determination methods have
been developed.[*® Y] These methods are highly useful in the early stages of the
drug discovery process. The most common relatively simple methods are the
parallel artificial membrane permeability assay (PAMPA)*? and Caco-2 cell

assay.'?!
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4.1.1 Planar Lipid Membrane Permeability

The planar lipid membrane is one of the first model membrane, which is used to
measure the permeability of analytes.! Planar lipid membranes are prepared by
mixing lipids in an organic solvent using an aperture for isolating two aqueous
compartments.*® The perimeter of the aperture collects the solvent and generates
the lipid bilayer across it. The benefits of the planar membranes are easy that it is to
introduce the electrode and that the solution can be altered rapidly. Also, highly
sensitive ion gradients can be obtained.**®! The major drawback of this method
include a little amount of lipid present and the residual organic solvent can

influence permeability changes at the lipid-aperture interface.**"!

The rate of the permeation of the analytes through the lipid bilayer membrane is
defined by its flux (J), which is providing the number of molecules cross-unit area
of the membrane per unit time (mol s* cm™®). The flux can be explained as product
of the permeability coefficient (Pn) and the concentration gradient of the analytes

between the membranes (AC).[*8]
J =P,.AC 3)

Permeability coefficient depends on several factors, such as analytes, the
composition of the membrane, and experimental conditions (temperature). Further,
the permeability coefficient reflects the intrinsic membrane permeability of the

analyte at a set of constant experimental conditions.
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4.1.2 Liposomes

Liposome were first prepared by mixing water and bilayer forming lipids.**
Liposomes as a model system for study of the permeability of the analyte have
several advantages. This includes, large membrane surface area, which allows
investigating infrequent membrane permeation of analytes in addition, liposome
solution can be investigated with a variety of instruments such as NMR,
fluorometer, and UV-vis spectrometer.*?? Different sizes of the liposomes can be
prepared, depending on the techniques used. For instance, dispersing the lipids in
buffer generated multilamellar vesicles (MLVs). However, MLVs are not suitable
to study the membrane permeability due to multilamellar nature and heterogeneous
size distributions. Large unilamellar vesicles (LUVSs) are suitable for the permeation

measurements. These LUVs have a single bilayer and encapsulate an aqueous

volume in the interior of the LUVS.

4.1.3 Determination of Rate Constants and Permeability Coefficients Using

Liposomes

The efflux of the encapsulated analytes can be measured via marker molecules
(probes). For example, fluorescamine was used to identify the amino acid
permeability. Fluorescamine has high sensitivity (nmole) to the amino acid. Kinetic
analysis of the entrapped molecules (efflux process) used initial rate analysis, which
assumes that the concentration of the analyte in the interior is higher than the

exterior of the liposome; thus, the efflux process obeyed the following relation.[*2!

At(ex) = A(eQ)ex(l - e_kt) (4)

Where, At (., is the exterior concentration of analyte at a time t, A(eq),, is the

exterior concentration of the analyte at equilibrium at t = oo and k is the rate constant
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of the efflux process. Permeability coefficients (Pn) were calculated using

following equations.™*!
P, = (Vo/A,, ) K 5)

Where, P,, is expressed in cm s, Vo is volume of the lipid vesicle, Ay, is the area of
the lipid vesicles and k is the rate constant, This expression further can be simplified

to
B,=(r/3)k (6)
where r is the radius of the vesicle.

4.2 Determination of Membrane Permeability by Different

Experimental Techniques

A variety of experimental techniques have been used to measure the membrane
permeability coefficient. Most of the common techniques used in a planar bilayer
membrane. The concentration gradient is generated between the membrane and

change in the concentration is measured at particular time intervals. Concentration

[36] [122]

changes can be measured using radiolabeling, UV-vis spectroscopy,
fluorescence spectroscopy,™® and LC-MS.?® Further, concentrations of
electrochemically active molecules are obtainable using microelectrodes near the
surface of the lipid membrane; for instance, permeation of K was measured directly
with the electrode.?” The neutral form of weak acids and bases permeate through
the membrane, and permeation of weak acid, and base can be measured using
microelectrode. Further, ionic forms of the analytes are created in the surface of the
membrane, for examples ammonia permeability is measured by the ammonium-

selective electrode.™®! Several weak acid permeabilities have been measured using

a pH-sensitive electrode, which is sensitive to small changes of the pH at the
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surface of the membrane.*?®! Permeability of H,O, can be measured using a O.-
selective electrode, where O, can be generated by the reduction of the H,O, inside
the cell.*?” Magnetic resonance techniques are also applicable to study the
permeability of analytes. Permeability of analytes has been measured using electron
paramagnetic resonance (EPR); but, these techniques are limited to analytes with
unpaired electrons.*?®! EPR is a potential tool to study membrane permeability, and
this technique provides the rate of diffusion at different depths of the membrane.[*?
Nuclear magnetic resonance (NMR) is also suitable to measure the membrane

permeability of analytes.k®!

Fluorescence spectroscopy has been used to measure the membrane permeability
of analytes. A fluorescent dye molecule is encapsulated inside the liposome and
permeation of the dye molecules is monitored by fluorescence spectroscopy. For
instance, pH-sensitive fluorescent dye HPTS was encapsulated inside the liposome,
and permeation of the proton was measured by the change in fluorescence.*”
Permeation of the analytes can be monitored by change in fluorescence, for
example, liposome loaded with Tet receptor (TetR), which forms the complex with
tetracycline and enhances the fluorescence.**! Further salicylic acid permeation has
been measured by the Th** and carboxylate complex. Permeation of salicylic acid
into Th**-encapsulated liposome, and chelate enhances the fluorescence of Th** by

energy transfer from the aromatic system to the Th** jon.**%

4.3 Fluorescent Artificial Receptor Membrane Assay
Monitoring the permeability of aromatic molecules is of potential importance
because, most of peptides, hormones, neurotransmitters, toxins, and drugs contain
aromatic moiety in its structures.**¥l Further, aromatic compounds are
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chromophoric and detectable by spectrophotometry; however, some of the aromatic
molecules are spectroscopically silent due to low solubility.*** Thus, the
development of sensitive fluorescence-based permeability assay is required for the
understanding of permeability of these molecules. The fluorescent labeled assay has
been developed to measure the membrane permeability but, label-free assays are
highly preferable, because the addition of fluorescent tags to analytes can influence

the permeability parameter of the analytes.***!

To adapt the tandem assay principle to liposome-encapsulated reporter pair, we
have selected (MDAP) as a fluorescent dye and CB8 as a macrocyclic receptor,
which formed a highly fluorescent inclusion complex.?® 8 The residual cavity
space of CB8/MDAP complex provides subsequent binding of aromatic analytes
into the residual cavity space, leading to net fluorescence quenching. Reporter pair
CB8/MDAP based associative binding of analytes is much more sensitive than the
displacement of the dye, which required suitable analytes with appropriate binding
affinity to displace the fluorescent dye from the macrocycle molecule.®™ The
transport of the analytes to reporter pair CB8/MDAP encapsulated liposomes,
resulted in fluorescence quenching of MDAP. Furthermore, herein we describe
fluorescent artificial receptor (FAR), which is a combination of macrocycle CB8
and fluorescent dye MDAP (Scheme 4.1). FAR encapsulated the liposome and a
fluorescent artificial receptor membrane assay (FARMA) (Scheme 4.1) method was
established, FARMA method can be used for monitoring the permeation of

aromatic analytes across the membrane.
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4.3.1 Binding Affinity and Translocations of the Analytes

The receptor molecules CB8 bind strongly (K. = (10* - 10°) x M™) to indole
derivatives (Table 4.1), which have aromatic ring as a recognition motif. Binding
constants (K,) inside liposome for whole analytes decreases when increasing the
temperature (Table 4.1). Further, increasing temperature weakens the noncovalent
interactions between CB8 and analytes.**®! The translocation of the analytes
becomes detectable in real-time with ease.®¥ Transport of analytes into
CB8/MDAP encapsulated liposomes affects dye fluorescence, only analyte able to
move into the liposome where it forms a ternary complex with macrocycle.
Macrocycle CB8 has residual cavity volume, which allows the subsequent binding

of the aryl functionalized analytes into the cavity volume.

Scheme 4.1. The operational principle of fluorescent artificial receptor membrane
assay (FARMA). Fluorescent artificial receptor CB8/MDAP was encapsulated
inside the liposome, where the permeation of analytes with aromatic moiety binds
to the FAR, which provides quenching of the emission of the FAR.
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For the tandem membrane assay, 500 uM CB8 and 550 pM MDAP were
encapsulated inside the liposome. Furthermore, tryptamine, tryptophan methyl ester
(Trp-OMe), tryptophanamide (Trp-NH,), N-acetyl tryptophanamide (Ac-Trp-NHy),
and serotonin translocations were tested. Increasing the analyte concentration
resulted in faster kinetics and lowered the final fluorescence intensity, which led to
a plateau at micromolar concentrations (Figure 4.2 a, b). Similar Kinetics behavior
is observed for all the analytes (Figure A.10 - Figure A.19 see in appendix). This
indicates that the translocation rate of the analytes exhibits a limiting value, in
addition to that associative binding of the analyte with macrocycle CB8 became

quantitative at high analyte concentration (Figure 4.2b).

4.3.2 Initial Rate Method by FARMA

In the FARMA method (Figure 4.1), an analyte permeates across the
phospholipids membrane of the liposomes and binds to the internally entrapped
FAR, which leads to an immediate modulation of the spectroscopic signal of the
FAR. The rate constants for ingression, k;,, and egression, k., are same, and
reflect the permeation rate constant kp = k;j, = koye- The net transport rate v
depends thus on the concentrations of the transported analyte outside, [A],y:, and
the internal concentration of free (unbound) analyte, [Al;, free. Which gives the rate

law:

d[Alin to
v = % = kp([Alout — [Alin free) 0

In the initial rate method, [A]intor = O and thus [Aliyfree = 0 at t = 0 and[Al oy =

[Alioc. The initial rate vy, is thus:

[A]in ()
Uin — % = kP [A]tot (8)
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kin Ka
[A]out ~— [A]in,free + [CB8'MDAP]ianree ~— [CBSOMDAPOA]

out

Figure 4.1. General model for analyzing membrane transport kinetics obtained with
the FARMA method.

The challenge in the FARMA method is to determine the internal total
concentration at time t, [Alihtore, from the spectroscopic output signal. We
therefore consider the dependence of the final fluorescence intensity in the plateau
region of the time-resolved traces (Figure 4.2, ), I,, on [A].,: (Figure 4.2, b). This
dependence reflects the binding equilibrium in the vesicle lumen, and the data can
be analyzed with a 1:1 host-guest binding isotherm using the FAR concentration
with respect to the total volume to give the binding constant, K,, and the
fluorescence intensity of the bound receptor, I, relative to the free receptor (I; = 1)
Reaching the plateau region indicates that no net transport occurs any longer (as
long as the receptor is not saturated) such that [A]out = [Alin free = [Altor. The total
internal analyte concentration,[A];p or, i.€. the amount of analyte that has crossed
the membrane to reach the fluorescence plateau region and thus the transport
equilibrium, is accordingly the sum of the free analyte inside the liposome and the

analyte bound to the host:
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[A]in,tot = [A]in,free + [HA] = [A]tot + [HA] 9)

The internal concentration of the receptor—analyte complex [HA] can be
determined from the transport equilibrium fluorescence intensity, 1,,, which is given
by the molar fractions of bound and free receptor, x}, and x;, and their respective

fluorescence intensities, I, and Iy:

[HA] Ib + [H]tot—[HA]I (10)

Lo = Xplo + x¢lp = [Hltot [Hltot

The total internal concentration is thus:

[Alinsot = (Aot + 15 [H)ior (11)
This allows converting the x-axis in Figure 4.2, b into total internal analyte
concentrations to afford Figure 4.2, ¢ which thus relates the fluorescence intensity
of the plateau region I, to the total internal analyte concentration [A];, o by the
fitted line with the slope 8. Because the response of FAR (establishing the binding
equilibrium) is immediate on the time scale of membrane transport, this equation

holds true at any time during the transport process and not only, when equilibrium

has been reached (I, = I):
=1+ .B [A]in,tot (12)

The dependence of the initial rate in fluorescence change v, (in units of [v(')] =
a.u.min~1) can thus be converted into initial rates v;, (in units of [v;,] =

UM min~1):

¢ _ A _1-1 _ BlAlingot 2
= == S Vi, = —
170 At t ¢ .Bvln VUin B (13)

This yields Figure 4.2, d, which can be analyzed by linear fitting to afford kp =

3.04 571 for tryptophanamide at 25 °C. Furthermore, permeation rate constant kp
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can be converted into permeability coefficients Pn,. The relationship between

permeability coefficients P, and permeation rate kp has been established. %!
Pm=kp (g)

Where, r is the radius of the vesicle (67 nm) and permeability Pm = 6.8 %
105 cms™! at 25 °C which is in agreement with the literature.**”! Moreover,
smaller vesicles exhibit apparently faster permeation rates.® This procedure also

has been applied to other analytes with different temperature (Table 4.1).
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Figure 4.2. Data analysis by the initial rate method for Trp-NH, at 25 °C a)
Normalized (Inorm = I:/I:=o) fluorescence kinetic traces. b) Dependence of the
final fluorescence intensity I, on total analyte concentration added. c) Dependence
of the final fluorescence intensity on total internal analyte concentration including
linear fit according to equation 12, I, = 1 + B [Alin tor- d) Dependence of initial
transport rates on added external analyte according to according to equation 8,

Vin = kp [A]tot-
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Table 4.1. Permeation rate constant (ke) and permeability coefficients (Pn) for the
permeation of analytes through liposomal POPC/POPS bilayer membranes (r = 67
nm).

Analyte T(°0) ko (s™) Pm (10°cms™) Kax 10° (M)
Tryptamine 10 3.1+£0.06 6.9+£0.1 (25 +£5)

15 59+0.1 13+0.2 (16 £ 2)

20 12 £0.06 27+0.1 (12 £ 1)

25 15+0.3 33+0.7 (6.2 +0.8)

30 23+1.0 51+2 (4.0 £0.5)
Trp-NH, 10 0.36 + 0.006 0.80 +0.01 (34+7)

15 0.64 +0.01 1.4 +0.02 (30 £ 4)

20 1.3+0.01 2.8+0.02 (15 + 3)

25 3.0 £0.05 6.8+0.1 (14 +2)

30 4.7 +0.08 10£0.2 (5.0 £ 0.5)
Ac-Trp-NH, 10 0.035 + 0.0003 0.078+0.0007  (3.0+0.3)

15 0.062 + 0.0004 0.14 + 0.0009 (1.6 + 0.08)

20 0.12 £ 0.0006 0.27 +£0.001 (1.0 £0.07)

25 0.21 +0.002 0.47 +0.005 (0.65 + 0.04)

30 0.31 +0.002 0.69 + 0.005 (0.45 + 0.03)
Serotonin 15 0.0078 + 0.017+0.0005  (0.45 +0.02)

0.0002

20 0.014 + 0.0003 0.031+0.0007  (0.37 +0.04)

25 0.028 + 0.0007 0.063 + 0.002 (0.30 +0.02)

30 0.044 + 0.0009 0.098 + 0.002 (0.22 +0.01)

35 0.080 + 0.001 0.18 +0.002 (0.17 +

0.008)

Trp-OMe? 10 75+2 168 £5 (1.12 £ 0.3)

15 88 +2 196 +5 (0.91 + 0.04)

20 95+3 2127 (0.53 £0.01)

25  144+5 321 +11 (0.18 +0.06)

 Measured by stopped-flow fluorescence measurement.
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4.3.3 Effect of Temperature on the Membrane Permeability

Membrane permeation is highly temperature-dependent.’*®! The effects of
temperature on the permeability of the indole derivative through liposome were
investigated using kinetic fluorescence analyses. These indole derivatives are well-
known membrane-permeable analytes,**® 23" 3% which have an appreciable binding
affinity to the receptor molecules CB8.[?* 81 The permeability was measured at a
given temperature. Kinetics measurements were performed at five different
temperatures between 10 to 35 °C for POPC/POPS vesicles. Permeation of the
analytes is increased with temperature. The activation energies for permeation were
determined according to the Arrhenius equation by plotting the logarithms of
permeation rate constant against the inverse of the absolute temperature (Figure
4.3, Table 4.3).

4.3.4 Comparison of Membrane Permeability Values by Other Assay Types

and Membrane Composition

Permeability of the analytes across the membrane depends on several factors such
as membrane thickness, membrane surface area, temperature, pH of the medium,
and type of phospholipids.®* 18 2% According to the literature, several assay types
are performed to estimate the permeability coefficient, for example, Caco-2,
PAMPA, aliquot analysis/flat lipid bilayer. However, direct comparison of reported
permeability coefficient is difficult, due to different type of assay and different lipid
compositions as well as different membranes. For example, flat bilayer against
liposomes that strongly affects the permeability coefficient. We have obtained

permeability rates and permeability coefficients with a different temperature for
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indole derivatives at low concentrations (Table 4.1). That fulfilled the anticipated

linear dependence for analytes.

Table 4.2. The permeability coefficient of analytes through liposomal POPC/POPS
bilayer membranes and comparison of other assay types.

Analyte Pn(10° cms™) Reference Assay/Lipid type
This work Reference
value
Serotonin 0.098" 1.1 [118] Flat lipid bilayer
Ac-Trp-NH, 0.47° 0.3 [141] PAMPA
Trp-NH, 6.8° 27,43 [137, 142] PAMPA, Caco-2 cell
Tryptamine 33 1.8, 5.4,6.7°,  [118,142] Flat lipid bilayer/aliquot
74 analysis, Caco-2 cell
Trp-OMe 321° n.p.° [143] aliquot analysis

* Determined by FARMA in liposomal POPC/POPS bilayer membrane at 25°C.° Determined by
FARMA in liposomal POPC/POPS bilayer membrane at 30°C.© Determined by FARMA using
stopped-flow fluorescent measurement in liposomal POPC/POPS bilayer membrane at 25°C. ¢ Lipid
composition: sphingomyelin-cholesterol,® lipid composition: brain phospholipids, ‘lipid composition:
sphingomyelin. ?n.p. = no permeability data has been reported.

Furthermore, permeability coefficient values determined by the FARMA method
are slightly higher than other assay types. This is because POPC/POPS lipid
membranes have higher permeability than the other lipid membranes (DPPC, DOPS
and cholesterol) to amine molecules.®™ We have compared previously reported
permeability values (Table 4.2) and the FARMA method. It exhibits that the
FARMA methods provide permeability coefficients, which are on the same order of
magnitude as those determined by other methods (Table 4.2). The permeability
coefficient of tryptamine is different according to lipid composition, particularly
tryptamine shows higher permeability coefficient through sphingomyelin,*8! which
increases membrane permeability for the analytes.™** Moreover, rapid permeation

o 143

is observed for the analyte Trp-OM 1] which required stopped-flow
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fluorescent measurements to analyze the permeation rate constant and permeation
coefficient. Further, the addition of aromatic methyl ester into POPC bilayer

induces packing and conformation change in the POPC bilayer.*]

4.3.5 Activation Energy for Permeations

Water-soluble molecules have a low rate of permeation comparatively lipophilic
molecules where all these molecules have enough energy to permeate water-lipid
interphase, therefore relatively low activation energy required for lipophilic
compounds.’® Further, the rate constants of each permeation step are important to
investigate the main barrier of permeation of analytes. Transfer of molecules from
the aqueous phase to the membrane phase correlates with activation energy, which
associated with diffusion across the membrane that has been explored based on the
hydrogen bond.™"! Transfer of molecules into the lipid membrane phase has been
demonstrated with the number of the hydrogen bond,**”! which need to break to

enter the membrane phase.*"!

Trp-NH, O\Q\&\e

Ac-Trp-NH,

- O
o
3ro Tryptamine O\O\L\O\ﬂ
@ Serotonin
[ @ Trp-OMe
-3t $\$\.\:\“\$\’\:\'

_6| L 1 1

3.2 3.3 | 3i4 | 3.5
(UT) (10° K™

Figure 4.3. Arrhenius plot for the permeability of analytes across POPC/POPS
liposomes.
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Table 4.3. Activation energies (E;) of indole derivatives through liposomal
POPC/POPS bilayer membrane and estimated activation energies through the lipid
membrane.

Analyte Experimental ~ Assigned Estimated Reference Reference
Ea (kJ/mol) numk;er of H- (E;J /mol)” \(/If ler(:\o )
bond

Trp-NH, 96 + 4.0 6.0 100 nr.
Ac-Trp-NH, 8024 6.0 100 75° (4]
Serotonin 88 + 2.0 5.0 84.0 62, 50- 04

122°
Tryptamine 71 +2.0 3.0 50.0 n.r.'
Trp-OMe  28+7.0 3.5 58.5 nr.

& assigned number of hydrogen bond, which is calculated based on the functional group of

molecules. ® Assigned based on hydrogen bonding energy (16.7 kJ/mol) (see details in main text). ©
Based on potential of mean force (PMF) simulation through DOPC hilayer. ¢ Based on
carrier-mediated transport through porcine platelets. ® Based on chromaffin-granule membrane using
ATPase-driven pump. " n.r. = no E, has been reported.

For Trp-NH, the number of hydrogen bonds to be broken would be four for the
primary amine and primary amide, and the secondary amine contribute one and the
carbonyl group another one (total number of hydrogen bond is 6 for
tryptophanamide, see Table 4.3). To break each hydrogen bond, 16.7 kJ/mol was
assumed.™™*™ Thus, Trp-NH, affords an activation energy of 100.2 kJ/mol, which is
most similar to the experimental value. Similarly, the calculation method was
applied to other analytes (Table 4.3). However, tryptamine activation energy is
higher than the calculated value (Table 4.3) which might be POPC/POPS bilayer

membrane increased the ability to form an intramolecular hydrogen bond.!***!

A similar observation has been reported for lysine methyl ester, which has higher
experimental E, through egg phosphatidylcholine membrane than estimated E, !
The transport of Trp-OMe through POPC/POPS lipid membrane was found to be

surprisingly fast. Addition of aromatic amino acid methyl ester to the POPC bilayer
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can influence physicochemical properties of POPC bilayer, for instance, molecular
packing order, fluidity, and conformation of POPC acyl chains.™*® This study
suggests a reason for the fast permeation of Trp-OMe through the POPC/POPS lipid
membrane. Thus, to analyze Trp-OMe through POPC/POPS lipid membrane,
stopped-flow measurements were performed. Further, increasing the Trp-OMe
concentration resulted in faster kinetics and a lower fluorescence intensity was
observed that reached a plateau at high Trp-OMe concentration (Figure A.18 and

A.19 see in appendix).
4.4 Phase transition of the Membrane and Permeability

4.4.1 Phase Transition

To study phase transition and membrane transport, we have chosen a mixture of
DPPC and DOPS lipids. Phase transitions of lipids have been established that the
temperature for the gel to liquid-crystalline transition (T.) depends on the chain-
length, unsaturation of the acyl chains, and head group of the lipids.*** The well-
known phospholipid in this regard is DPPC, which has phase transition at
approximately 41°C.*Y Phase transition of lipid membranes leads to change of
membrane rigidity. Thus, it is reasonable to predict that the gel to liquid-crystalline
phase transitions would have a considerable effect on the permeability of the lipid
membrane and temperature-dependent changes of permeability would be of
physiological interest.*” To investigate phase transition of the DPPC/DOPS (9:1)
liposomes, we have performed differential scanning calorimetry (DSC), which
shows phase transition temperature of particular lipid mixture is (37 = 0.1) °C
(Figure A.20). Further to study the permeability properties of the analytes through

liposomes, we have measured fluorescence intensity changes of reporter pair
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(CB8/MDAP) encapsulated liposomes. The effect of temperature on permeability
rate constant and permeability coefficient of the analytes is shown in Table 4.4,
Figure A.21 - Figure A.23 (see in appendix). A slow rate of permeation is

observed below the transition temperature.
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Table 4.4. Permeation rate constant (k,) and permeability coefficients (Pn) for the
permeation of analytes through liposomal DPPC/DOPS bilayer membranes (r =

65.5 nm).

Analyte T(0) ko (s Pm (10°cms™) Ka x 10° (M™)
Tryptamine 20 2.0+0.02 4.3+0.04 (98 £8)

25 7.4+0.09 16 +0.2 (83£8)

30 29+0.1 63+0.2 (47 +3)

35 50 + 2 109 + 4 (20 2)

40 104+ 6 227 +13 (11+3)

45 128+ 4 2798 (8.9£0.3)

50 144+ 9 314+ 20 (5.8+0.2)

55 155 + 7 338+ 15 (4.3+0.7)

60 165+ 11 360 + 24 (35+0.7)
Trp-NH, 20 0.066 + 0.002 0.14 +0.004 (67 £2)

25 0.26 +0.001 0.57 +0.002 (52 + 4)

30 1.4+0.01 3.1+0.02 (45 % 6)

35 7.9+01 17+0.2 (25+2)

40 26 +0.09 57+0.2 (11+3)

45 43+0.4 94+0.9 (3.3£0.3)

50 59+ 6 130 +13 (55+0.2)

55 64+7 141 + 15 (4.0+0.5)

60 85+ 3 186 + 7 (34+0.4)
Ac-Trp-NH, 20 0.013 + 0.00005 0.028 + 0.0001 (1.6£0.3)

25 0.045 % 0.00006 0.098 + 0.0001 (0.80 £ 0.05)

30 0.14 +0.001 0.31 +0.002 (0.50 £ 0.02)

35 0.45 + 0.007 0.98 +0.02 (0.35+0.02)

40 1.2+0.06 25+01 (0.20 £ 0.01)

45 2.0+0.07 4.4+0.1 (0.10 +0.01)

50 2.2+0.05 48+0.1 (0.080 £ 0.006)

55 2.9+02 6.4%0.1 (0.070 + 0.008)
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4.4.2 Lipid Phase Transition and Activation Energy for Permeations

The permeation rate of the analytes through DPPC/DOPS liposomal membrane
exhibited discontinuities in the Arrhenius plot (Figure 4.4), which are unique for
each type of analytes and membrane.**? Discontinuities in the Arrhenius plots of
several membranes and analytes have been reported in terms of phase transition of
lipids.*¥ Arrhenius plots of Trp-NH,, Ac-Trp-NH,, and tryptamine transport were
biphasic. The breaks in the Arrhenius plots at 39°C follow the gel to liquid-
crystalline phase in the membrane. Similar biphasic behavior is observed for the

transport of tyrosine and phenylalanine through Brevibacterium linens cells.[*5%
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Figure 4.4. Arrhenius plot for the permeability of analytes across DPPC/DOPS
liposomes.

The increases of the activation energy (Table 4.5) below discontinuity is exhibited
closer packing of the hydrocarbon chain in the liposomal membrane.'>*® Further,
low activation energy is obtained above the phase transition temperature. Below,
the transition temperature of lipids is formed rigid semicrystalline structure™*? and

thus decrease the permeability of the analytes. When increasing the temperature,
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semicrystalline structure melts and increases the fluidity, which increases the

membrane permeability.

Table 4.5. Activation energies of indole derivatives through liposomal
DPPC/DOPS bilayer membrane.

Analyte Ea (kJ/mol) gel phase Ea (kJ/mol) crystalline-liquid
phase
Trp-NH; 245+ 11 47£5.0
Ac-Trp-NH; 180+ 3.5 49+ 8.0
Tryptamine 158 + 14 19+20

In summary, the FARMA method allows with real-time optical monitoring of the
permeation of analytes through the liposomal membrane and avoids the use of
labeled analytes. Moreover, FARMA assay can be used as alternative to the assays
for well-known membrane assays PAMPA and Caco-2 assay. FAR-based
membrane assay allows the real-time monitoring of rapid permeation of analytes
based on stopped-flow fluorescent measurements. As a consequence, we believe

that FARMA will become a significant tool in the membrane research field.
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Chapter 5

5. Characterization of Mixed-Ligand Shells on Gold
Nanoparticles
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permission from the Royal Society of Chemistry.

Monolayer and mixed-monolayer protected AuUNPs have been extensively studied
for their use in a variety of applications, including biological sensing,*? imaging,©*?
biocompatibility cell targeting applications,! nanowires,* and nanotubes.® The
addition of functional groups like amine or carboxylate moieties to the surface of
AuNPs allows forming chemical bonds with target ligands.”® For example, the
carboxylate group is able to form amide bonds directly with an amino group of a
molecule.®” Ligand footprint, coupling efficiency, and accessibility of functional
groups on the particle surface are the parameters which are of utmost importance
for quality control in many applications.®® To assess these parameters, fast, simple,
and reliable screening methods are required. Quantification of the ratio of ligands
on multifunctional nanoparticles has proven a challenge, whereas many techniques

are available for determining the presence of functional groups on nanoparticles

(Scheme 5.1).054
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Scheme 5.1. Experimental techniques used to characterize the AuNPs surface and
analyzing techniques (left) and AuNPs decomposition or ligand exchange analyzing
techniques (right).
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5.1 General Ligand Quantification Techniques

Thermogravimetric analysis (TGA) has been used to assess nanoparticles ligand
density.'**) In a typical experiment, nanoparticles were dried prior to the TGA, and
then TGA was performed under N, atmosphere and the sample was heated from 30

°C to 700 °C (ramp rate 5-20 °C min™). The weight is decreased due to the heating

process, which is due to decomposition of the organic ligands in the
nanoparticles.'>**! Weight loss as a function of temperature can be correlated to the
ligand density of the nanoparticles. However, TGA is limited to a single ligand
attached to the nanoparticles and cannot differentiate mixed ligand shells with

temperatures. for example, similar mass ligands are attached to nanoparticles.!*>*"!
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NMR spectroscopy is the most valuable tool for the determination of the ligand
density on nanoparticles, where an internal standard was wused with
nanoparticles.?*® The ligand of interest peak area was compared to an internal
standard peak area. The following methods can determine the interesting ligand
concentration. Calibration curve was constructed using an internal standard,
unknown ligand concentration can be determined."*®! The alternative method is
associated with the number of *H nuclei and involves the internal standard peak
area and the ligand of the peak area of interest.”® Here, a known concentration of
an internal standard is added to the unknown sample. The ligand concentration of
interest can be determined by comparing the integrated peak area of the internal
standard to the integrated peak area of the ligand of interest.”® However, line
broadening was observed in *H NMR of nanoparticles ligands shells and limited
direct NMR to small nanoparticles < 3 nm.**! Also, potential interference from the
solvent and other functional groups limits the accuracy in the quantification of

ligands.™*®!

To bypass the adverse effects linked with line broadening and chemical shift
changes, the ligand can be removed from the core of the nanoparticles (“off
particle”). Several methods are used to remove the ligands from the core of the
nanoparticles, for example, oxidative cleavage of thiol ligands from gold
nanoparticles using I, where organic ligands are released to the solution as a
disulfide.™*®! Furthermore, cyanide anions are induced decomposition (“etching”) of
the gold core and produced a colorless solution of Au(CN),". Etchings of the gold
core depend on the monolayer of the particles.™>" %% Moreover, aqua regia can be
used to remove the ligands from the gold surface. The resulting reaction mixture

was then analyzed by NMR and ICP-MS (Scheme 5.2).%¢ However, off particle
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analysis has some adverse effects associated with long experiment time due to the

low sensitivity of NMR and potential challenges in spectral peak assignment.54!

Absorption spectroscopy can be used to quantify the ligand density of
nanoparticles, typically requires optically active indicators. Several conjugation

techniques have been developed to couple optically active molecules to various

[161]

inorganic nanoparticles, including EDC condensation reaction, thiol-ene

reaction,*®? and avidin-biotin binding reaction.¢*!

Scheme 5.2. Typical aqua regia digestion of gold nanoparticles, here nanoparticles
capped gold nanoparticles are digested, and released ligands are quantified by *H
NMR, and metal ion can be quantified by ICP-MS.

(0]

/\)J\OH
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/\/\é/
‘ ) h

Metal ion quantification by ICP-MS H NMR ligand quantification

Furthermore, the external indicator was used to study the ligand density of the
nanoparticles. In this approach, free ligand concentration was monitored by UV-vis
absorption spectroscopy before and after incubation with the ligand. To determine
the ligand density of a-amino-w-mercapto-poly(ethylene glycol) (NH,PEGSH)
capped AuNPs, ninhydrin was used as an external indicator, which reacts with
primary amines to produce a dark purple color.*®*! Here the known concentration of
AuNPs was incubated with the known concentration of (NH,PEGSH). Aliquots
(supernatant) of the free NH,PEGSH were removed before and after this incubation

step and were mixed with ninhydrin. The difference in absorbance before and after
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incubation was measured at 565 nm and compared to the standard curve, which
allowed the difference in NH,PEGSH concentration. In addition to that, Ellman’s
reagent was used as an external indicator to quantify the ligand density of
polyethylene capped gold nanoparticles. Ellman’s reagent reacts with free
sulfhydryl group and produces an absorption band at 412 nm.*®®! Here, to
investigate the effect of PEGSH grafting on both, serum protein absorption and
subsequent macrophage intake of AuNPs, were analyzed. Furthermore, AuNPS
were incubated with various concentrations of PEGSH and it was assumed that all

particle-bound thiol groups were unavailable for further reaction. After incubation,

the remaining thiol content was quantified by thiol depletion assay. Recently, a
simple colorimetric method established quantification of surface carboxylate group
on acrylate polymer micro and nanoparticles by utilizing the binding of the surface
functional groups to divalent transition metal ions (Ni**, Co**, Cd*") and subsequent
colorimetric determination of excess metal ions with pyrocatechol violet (PV) after

a single centrifugation step.™®

Fluorescence-based methods for determining surface coverage of AuNPs have

been reported,**” where gold nanoparticles were modified with fluorescently
labeled ligand and purified to remove the excess ligand. During the ligand
exchange, the release of the ligand fluorescence was monitored, and ligand density

was quantified.*6®

Furthermore, to determine the number of accessible
(functionalizable) group, fluorescein has been used as a labeling compound.
Therefore, mixed monolayer (carboxy and amino-terminated PEG-thiols) protected
AUNPs were prepared. The N-hydroxysuccinimidyl (NHS)-ester of fluorescein was

used as a labeling compound. This assay gives an approximate, number of

molecules that can be accessible to the gold nanoparticles using NHS-ester
70



Chapter 5. AuNPs-based sensing

chemistry. Noteworthy, this assay does not give the total average number of amino
groups per particle. These assays reflect only accessible, functional groups under a

defined set of conditions.™ 67"

Furthermore, recently, we have investigated
chemically available (accessible) functional groups on acrylate polymer micro and
nanoparticle surfaces, using supramolecular host-guest interaction between CB7

and adamantylmethylamine derivative.™®®

ATR-FTIR is also used to quantify the ligand density of the nanoparticles.
However, FTIR related method required calibration curves by plotting the intensity
of IR absorbance against the concentration of the free ligand to quantify the ligand

density of the particles.'*!

Furthermore, FTIR spectroscopy allows to
simultaneously quantify the mixed ligands. X-ray photoelectron spectroscopy
(XPS) has also been used to quantify nanoparticle ligand density.'’"® However,
XPS is a surface-sensitive technique; therefore, several factors have to be
considered to determine the ligand density of the particles such as radius of
curvature, substrate thickness, and signal to noise ratio between core and surface

elements.t7"

5.2 Mixed Ligand and Quantification Technique

Herein, we present a new class of mixed monolayer protected MPA/MPS-AuUNPs

and MUA/TEG-AuNPs. Moreover, NMR methods, colorimetric assay, and

supramolecular CB7 assay were used to quantify the extent of ligand exchange
between different types of thiolated molecules on the surface of AuNPs. Our
objective was to assess the quantification of the surface carboxy group and the
suitability of a more straightforward approach by employing colorimetric and

fluorescent measurements. We thus used gold nanoparticles with mixed ligands and
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with the different molar ratios of the ligands on the gold nanoparticles surface.
Moreover, we studied surface functionalities on AuNPs by *H NMR as well as with
NiPV assay. Also, to investigate accessible functional group on nanoparticles
surface, the supramolecular host guest interaction between CB7 and

adamantylmethylbutane-1,4-diamine (AMADA-Put) was used.

Also, we determine the footprint value of the AuNPs and then use these data to
describe ligand exchange behavior with a second thiolated molecule. Using these
techniques, we identified trends in AUNP functionalization efficiency with respect
to ligand type, concentration as well as identified functionalization pathways, where
the new ligand may either alter the existing ligand shell (exchange) or add to it.
These studies have significant implications for how AuNPs surface chemistry can

be modified and used in a wide variety of applications.

Scheme 5.3. Representation of the three key methods for the analysis of mixed
ligand capped gold nanoparticles.

'H NMR for Calibration

v

Total Surface Groups by NiPV Assay

]
030 f S o
A 2 o2t
b S 01
tl‘ é oo

s 400 o0
‘b Wavelength (nm)

Absorbance

Ko
D15 | TG grmmmgmemmomg

100

50
Volume (pL)

J Accessible Surface Groups by CB7 Assay

10} %10
] A g
g o 8°
g “u 20
S5 Q-Ew. 500 600
E “3‘ avelength (nm)
\QE}Q
N

50 100 150
Volume (pL)

72



Chapter 5. AuNPs-based sensing

5.3 Gold Nanoparticles-Based Colorimetric Sensing
Gold nanoparticles have been used in a variety of biomedical applications and the

attractive size-dependent chemical, electronic, and optical properties, high surface

to volume ratio, and biocompatibility of the AuNPs are useful in the development
of several assays. Further, the size of the AuNPs is compatible with biomolecules
(DNA, enzyme, and antibody), which have sizes in the range of 2 - 20 nm and thus
admit the structural compatibility of these materials.""™ AuNPs can be easily

functionalized with different probes and other compounds of interest.'"?

Colorimetric sensing based on AuNPs depends on the surface plasmon resonance
property.”®! Biomolecular interaction can be monitored to control the dispersion
and aggregation of the nanoparticles.'’”? Aggregation of the particles will lead to
color changes, from pink to violet to pale blue."® This phenomenon has been used
for the colorimetric detection of several analytes. Particularly, nanoparticles
biosensors are composed of immobilized ligand or biological substrate, which is
undergoes conversion in the presence of an analyte. The change in substrate
composition or conformation induces aggregation of the nanoparticles and leads to

the color changes.*™!

Conventional detection of analytes and quantification methods are based on
recording the absorbance and fluorescence from the particular chromophoric
molecule. Further, these techniques are adequate for many applications; however,
improving the sensitivity is required in a variety of other applications.™®
Nanoparticles-based assays have been developed to measure minute changes in
enzyme activity with high accuracy. Nanoparticles-based colorimetric sensing is a

valuable tool in HTS and drug discovery process.
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5.3.1 Surface Resonance Band and Aggregation

The unique surface plasmon resonance band is associated with aggregation and
dispersion of particles and makes AuNPs a colorimetric reporter. Changes in the
external environment of the AuNPs will lead to aggregation or dispersion of the
particles. That can be detected by the shift in the absorption spectrum. The shift in
absorption spectra is proportional to the extent of aggregation or re-dispersion.*”"
In size range of 13 - 300 nm, AuNPs are prone to aggregation. This can be
characterized by plasmon resonance band at 520 nm, which gradually decreases and
a new band appears between 600 - 700 nm resulting in a color change from red to
purple or dark blue depending on the degree of aggregation.*”® The molar
extinction coefficient of AuNPs plays a vital role in the sensitivity of the
colorimetric assay. The absorption ratio (Asoo/As20) Of aggregated particles and non-
aggregated particles of AuNPs is often used to measure the extent of aggregation

and also well-known as the aggregation parameter for AuNPs.*"

o enzyme CO,
Rj)L _ N o~
g decarboxylation R™ "NH,

\/\/\NHs cadaverine

- NH
/[ /> histamine
E N+
H

Figure 5.1. Assay principle illustrating the colorimetric response of AuNPs in the
course of enzymatic decarboxylase reaction.
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6. Host-Guest Complexation Affects Perylene-Based
Dye Aggregation

Corresponds to: Appendix 10.3.4

Nilam, M.; Chusen, H.; Shreya, K.; Aryal, G. H.; Huang, L.; Nau, W. M.;
Assaf, K. 1., Host-Guest Complexation Affects Perylene-Based Dye
Aggregation (manuscript in preparation).

6.1 Perylene Dye

A rigid, polycyclic, aromatic perylene core is attached with two dicarboxylic acid
imide groups at the 3,4-and 9,10-positions. Electron-rich perylene core and
electron-withdrawing imide groups have strong conjugation in the perylene
molecules, thereby, it has a strong UV-vis absorption and shifts absorption band of
perylene from 440 nm to 525 nm."*? Further, perylene diimide (PDI) has a quantum
yield of ~ 0.90 in all common solvents, these dyes have excellent thermal and
photochemical stability. PDI dyes have been investigated for optoelectronic
applications, in dye lasers, and as probes for biomacromolecules recognition (DNA,

RNA, and proteins).[*”

However, PDIs show poor water solubility and weak fluorescence in agqueous
solution and form aggregates due to m-m stacking interaction between perylene
cores.® This generates a significant problem in the application in biological and
medicinal fields. For instance, PDI dyes are of limited usefulness in confocal

microscopy or single molecule spectroscopy techniques.
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imide-position
OO
O / \\ O

bay-region ortho-position

Figure 6.1. General structure of PDls.

6.2 Water Soluble PDI Chromophore
Several attempts have been made to achieve a higher water solubility of
PDIs by adding hydrophilic groups in the bay-region or imide
and ortho-positions.[*®" To increase the water solubility of PDIs ionic groups
such as cationic ammonium salts, anionic carboxylic acids, sulfonic acids,
and phopsphonic acid have been included in PDI chromophores.'®? An
alternative strategy is to increase the water solubility of PDI dyes by

[183]

introducing non-ionic molecules such as polyglycerol, polyethylene

glycol™ and dendrons*®! in the bay-region or imide positions of the PDI
chromophore (Figure 6.1). Additions of water-soluble functional groups
reduces the aggregation of the perylene cores and affords excellent
photophysical properties, it also suppresses the =n-m stacking interaction
between perylene cores.

The substituent at the imide-positions is used to change solubility of the PDIs in a
variety of solvents and minimally affects the optical and electronic properties.

These derivatives possess green-yellow emission of PDI with higher fluorescence
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quantum yield. The substituent at the bay-region is primarily used to tune the
photophysical properties resulting in derivatives with red shifted absorption
maximum and increased the Stokes shift. Modifications in the ortho-position affect
the optical and electronic properties without changing the planarity of the perylene
core.®?l However, these synthetic approaches inhibit aggregation of the PDI
chromophore, and functionalized PDI dyes show excellent photophysical properties.
However, the addition of particular components in the bay-region or imide

positions is more critical from the synthetic point of view.

6.3 Supramolecular Approach to Prevent PDI Aggregation
Host-guest complexation efficiently inhibits aggregation of the PDI dyes in water
using host molecules such as CB8,*®® cD,* and Exbox!**® via non-covalent
interactions. Particularly entrapment of PDI core inside the large macrocycle CB8
gives fluorescence enhancement, and binding affinity was determined to be in the
range of 10* - 10° M, because loose fitting of perylene core inside CB8 cavity.*!
To increase the binding affinity with macrocycle CB8, PDI dyes have been
modified with phenyl groups introduced, resulting in ternary complexes with higher

binding affinity.'*"!
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Scheme 6.1. Chemical and cartoon representations of the PDI dye, the investigated
macrocyclic hosts, and potential binding modes with different hosts.

= 2:1 complex
(no aggregates)

PDI dye aggregates

Large host-dye aggregates
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7.1 Supramolecular Tandem Membrane Assay

7.1.1 Materials

Lipids: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine  (POPS),  1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS)

were purchased from Avanti Polar Lipids (Alabaster, AL, USA).

Macrocyclic hosts: CB8 and CB7 were purchased from Strem Chemicals (Kehl,
Germany) but have been also synthesized according to previous literature.[*8 19
(2-hydroxypropyl)-p-cyclodextrin - was obtained from Cyclolab (Budapest,

Hungary).

Fluorescent dyes: Berberine chloride and palmatine chloride were obtained from
Sigma-Aldrich (Steinheim-Germany). Dye MDAP was synthesized according to

previous literaturel*® but with some modification of the procedure (See next page).

Analytes: Tryptamine hydrochloride (Trp), L-tryptophan methyl ester hydrochloride
(Trp-OMe), L-tryptophanamide hydrochloride (Trp-NH,), serotonin hydrochloride
and N-acetyl-L-tryptophanamide (Ac-Trp-NH,), tyramine hydrochloride, 2-
phenylethylamine hydrochloride, 1-adamantylamine, and cyclohexylamine were
obtained from Sigma-Aldrich (Steinheim-Germany). N,N-
dimethylaminomethylferrocene was purchased from Alfa Aesar (Karlsruhe,

Germany).
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NAP-25 sephadex columns G-25 DNA grade were from GE Healthcare

(Buckinghamshire, United Kingdom).
7.1.2 Synthesis of 2,7-Dimethyldiazapyrenium (MDAP)

Scheme 7. 1. Synthesis of MDAP

|
N
O MeNH; O L|AIH4/AICI3
H,0 THF O 265 °C
Reflux Reflux
I

1 2 MDAP

1) Mel/ MeCN
B —

2) NH,PFo/ H,0 |

N

2,7-Dimethyl-1,4,5,8-naphthalenetetracarboxylic Diimide (2): 1,4,5,8-
naphthalenetetracarboxylic dianhydride (5,0 g; 20 mmol) was added slowly to an
aqueous solution of MeNH; (40% wt. 160 mL). The mixture was heated under
reflux for 4 h. After cooling down to RT, the suspension was filtered and the
precipitate was washed with MeOH (3 x 50 mL) to give 1 (5.79 g, 98%) as a

brownish/pink powder. *H NMR (CD3Cl): & 8.78 (4H, s); 3.61 (6H, s).

2,7-Dimethyl-1,4,5,8- tetrahydrodiazapyrene (2): A suspension of AICI; (1.20 g, 9
mmol) in THF (100 mL) was cooled in ice bath and maintained under Ny. LiAIH4
(1.07g, 28.17 mmol) and then 1 (1.14g, 3.9 mmol) were added slowly in portions.
The reaction mixture was stirred under reflux for 3h, and allows cooling down to
ambient temperature; then was pouring on ice/THF (250 g/100 mL) and filtering.
The solid residue was washed with THF and suspended in DCM (100 mL). After
refluxing 30 min and cool down to ambient temperature, the suspension was
filtered. This treatment was repeated twice more. The combined organic solutions

were concentrated under reduced pressure. The residue was re-disolved in DCM
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and washed with H,O (3 x 50 mL). The organic phase was dried over MgSQO, and
concentrated under reduced pressure to give 2 (476 mg, 51%) as a light yellow

solid. *H NMR (CDsCl): 3 7.17 (4H, s); 3.98 (8H, s); 2.61 (6H, ).

2,7-Diazapyrene (3): Compound 2 (476 mg, 2 mmol) and Se (880 mg, 11.2 mmol)
were ground together and heated at 265 °C for 4 h and then at 300 °C for 1h. After
cooling down to ambient temperature, aqueous HCI (1M, 10 mL) was added. The
resulting suspension was stirred under reflux for 20 min and filtered. This procedure
was repeated three more times. The pH of the combined aqueous solutions was
adjusted to 10 with NaOH (1M) vyielding a cloudy dark orange solution that was
extracted three times with DCM. The combined organic portions were dried with
anhydrous MgSO, and concentrated under reduced pressure. The residue was
recrystallized with toluene to give 3 as yellow solid. (70 mg, 17%). 'H NMR

(CD5CI): §9.54 (4H, s); 8.24 (6H, 5).

2,7-dimethyldiazapyrenium (MDAP): Compound 3 (50 mg, 0.25 mmol) was
dissolved in CH3CN (8 mL) and was heated under reflux, then CHsl (50 pL, 0.55
mmol) was added. The mixture was stirred under reflux for 3 h. After cooling
down to ambient temperature, the suspension was filtered and washed with ethyl
acetate. The resulting solid was re-dissolved in H,O (5 mL) and NH4PFg (0.41 g,
2.5 mmol) was added. The reaction was stirred at ambient temperature for 30 min.
The resulting precipitate was filtered and washed with H,O (10 mL) to give MDAP

(97 mg, 74%). *H NMR (CDsCN): 8 9.81 (4H, s); 8.82 (4H, s); 4.85 (6H, 5).

Counterion exchange: MDAP.2Cl was prepared by counterion exchange from
MDAP.2PFg by the addition of tetrabutylammonium chloride to acetonitrile solution

of MDAP.2PFg in order to precipitate MDAP.2CI.
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7.1.3 Fluorescence Kinetic Measurements

Fluorescence was measured with a Varian Cary Eclipse spectrophotometer
equipped with a temperature controller. In all experiments, liposome solutions of 20
pL CB8/MDAP, CB7/PLM, and HP-$-CD/BE encapsulated POPC/POPS liposome
were diluted with 100 mM Na,HPO,, pH 10.8 to a total volume in the cuvette of
2000 pL and gently stirred. Fluorescence was monitored according to reporter pair
emission wavelength (CB8/MDAP Aem = 423 nm, Aexc = 338 nm, CB7/PLM /ey =
495 nm, Aexc = 425 nm, HP-S-CD/BE Zem = 540 nm, Aexc = 420 nm) as a function of
time after addition of analytes. Further, fluorescence titrations were carried out with

similar instrument conditions (slit width, PMT voltage) as in kinetic measurements.

Permeability measurements: In all experiments, liposome solutions of 20 pL
(CB8/MDAP encapsulated POPC/POPS liposome or DPPC/DOPS liposome) were
diluted with 10 mM Hepes, pH 7.0 to a total volume in the cuvette of 2000 pL and
gently stirred. The sample was allowed to equilibrate for at least 12 min with
different temperature (10 - 60 °C). Fluorescence was monitored at lem = 450 nm

(Zexc = 338 nm) as a function of time after the addition of analytes.

7.1.4 Stopped-flow Fluorescence Measurements.

Stopped-flow measurements were carried out with a BioLogic stopped-flow SFM-
20 module coupled with a JASCO FP-8500 spectrophotometer and temperature
controller Julabo F25. In the experimental setup, 200 pL of POPC/POPS liposome
encapsulated CB8/MDAP solution was diluted with 9800 pL of 10 mM Hepes, pH
7.0 buffer. This solution was placed in syringe 1, and syringe 2 was filled with
different concentrations of tryptophan methyl ester (0 -240 pM). Fluorescent

measurements were initiated by mixing the contents of two syringes in equal
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volume (total volume 200 pL and flow speed 4.5 mL/s) in a stopped-flow chamber.
All experiments were performed with 10 mM Hepes, pH 7.0 and the temperature
was changed between 10 - 25 °C and samples were allowed to equilibrate at least 10
- 12 minutes. Fluorescence was monitored at Aem = 450 NM (exc = 338 nm) as a
function of time after the addition of analytes and liposomes. For each experiment,
measurements from 8 to 14 injections were accumulated and the average of these

traces was used for the analysis.

7.1.5 Preparation of POPC/POPS Vesicles with Reporter Pair

A solution of 100 pL, 25 mg/ml of POPC, and 33 pL, 10 mg/ml of POPS in
chloroform was purged with nitrogen and dried overnight under high vacuum.
Then, the lipid film was hydrated with 1 mL of particular buffer. For instance,
CB8/MDAP encapsulated liposome was prepared with 100 mM Hepes, pH 7.5,
containing 0.5 mM CB8 and 0.55 mM MDAP; reporter pair CB7/PLM
encapsulated liposome was prepared with 100 mM NaH;PO4/Na;HPO,, pH 7.5
containing 1 mM CB7 and 1 mM PLM; and for reporter pair HP-5-CD/BE
encapsulated liposome, lipid concentration was changed (25 mg/ml of POPC, 200
ML and, 10 mg/ml of POPS 66 pL). Then, the lipid film was hydrated with 100 mM
sodium citrate, pH 3.5 containing 20 mM HP--CD, and 1mM BE. Then, resulting
suspension was gently stirred at room temperature for 30 minutes. After that, the
liposome suspension was subjected to 20 freeze-thaw cycles. The resulting reporter
pair-loaded liposomes were separated from unencapsulated macrocycle and dye by
size exclusion chromatography (NAP-25) with a particular buffer. The size of the
liposomes (see Appendix) was obtained by using a Zetasizer Nano from Malvern
Instruments. Final lipid concentration was determined through *H NMR according

to our recently published article.'**!
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7.1.6 Preparation of DPPC/DOPS Vesicles with CB8/MDAP

A solution of 100 pL, 25 mg/ml of DPPC, and 33 pL, 10 mg/ml of DOPS, in
chloroform was purged with nitrogen and dried overnight under high vacuum.
Then, the lipid film was hydrated with 1 mL of 10 mM Hepes, pH 7.0, containing
0.5 mM CB8 and 0.55 mM MDAP and then gently stirred at 65 °C temperatures for
30 minutes. After that, the liposome suspension was subjected to 15 freeze-thaw
cycles (4 minutes freezing in liquid N, and thawing in the water bath at 65°C) and
15 times extruded with 100 nm pore size poly carbonate membrane (extrusion setup
kept at 65°C). Extravesicular components were removed by size exclusion
chromatography (NAP-25) with 10 mM Hepes. The size of the liposomes (131 nm)

(Figure A.24) was obtained by using a Zetasizer Nano from Malvern Instruments.
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8. Summary and Outlook

This doctoral thesis mainly describes liposome-based enhanced sensing and
determination of membrane permeability and activation energy by fluorescent
artificial receptor membrane assay (FARMA). | have noted that all analytes
exhibited an apparently stronger binding to the liposome-encapsulated CB8/MDAP,
CB7/PLM, HP-p-CD/BE reporter pairs compared to homogeneous solution. In
other words, the liposome-encapsulated reporter pair gave a stronger fluorescence
response at lower analyte concentrations, which consistently resulted in a sensitivity
enhancement for a small set of randomly selected analytes. This entirely unexpected
result is of immediate relevance for sensing applications and we coined the name
“liposome-enhanced sensing” for this phenomenon. Within this thesis, | have
explored whether this is a general effect and measured a similar series of analytes

with a different reporter pair (using pH gradient)

Time-resolved monitoring of membrane translocation of analytes is of utmost
importance in the membrane research field. Existing methods are limited to single
point determinations or flat synthetic membranes, limiting biologically relevant
kinetic parameters (permeation rate constant, permeation coefficients). With the
established supramolecular approach to membrane transport assays, a facile and
straightforward method is now available to assess the ability of a molecule to
permeate through the phospholipid membrane. This has been applied to
translocation through membrane pores, and | have now explored for monitoring
passive diffusion. | have used the self-assembled CB8/MDAP receptor, which binds

aromatic molecules with an unprecedented combination of high affinity and
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comparably low selectivity by ternary complex formation. Noteworthy, a low
selectivity is considered here as an advantage because the same receptor responds to
a large class of related molecules, which is ideal for screening applications. The
addition of these compounds to CB8/MDAP-encapsulated liposomes allowed us to
judge their ability to permeate through the phospholipid membrane qualitatively.
With this FARMA method, we can determine the dependence of membrane
transport rates and activation energies (by temperature-dependent measurements) of

small molecules.
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Chapter 10

10. Supporting Information

10.1 Supporting Information for Chapter 3

10.1.1 Liposome Enhanced Sensing-Based on Different Reporter Pair
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Figure A.1. a) Time-dependent fluorescence changes of POPC/POPS>CB8/MDAP
liposomes (28.4 pM final phospholipid concentration) during the successive
addition of Trp-NH; via the pH gradient (aqueous interior of the liposome 100 mM
Hepes, pH 7.5 and exterior of the liposome 100 mM Na,HPO,, pH 10.8).
Fluorescence spectral changes upon addition of Trp-NH; to CB8/MDAP complexes
in 100 mM Hepes, pH 7.5(inset) b) Comparison of liposomes encapsulated
(CB8/MDAP) reporter pair fluorescence changes with homogeneous solution
against Trp-NH, concentration. Apparent binding constant was determined by 1:1
host-guest binding equation (CB8, 0.35 M) (ex = 338 nm and Aey = 423 nm).
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Figure A.2. a) Time-dependent fluorescence changes of POPC/POPSo
CB8/MDAP liposomes (27.3 pM final phospholipid concentration) during
successive addition of Trp-NH; via the pH gradient (aqueous interior of the
liposome 100 mM sodium citrate, pH 3.5 and exterior of the liposome 100 mM
Na;HPO,, pH 10.8). Fluorescence spectral changes upon addition of Trp-NH; to
CB8/MDAP complexes in 100 mM Hepes, pH 7.5 (inset) b) Comparison of
liposomes encapsulated (CB8/MDAP) reporter pair fluorescence changes with
homogeneous solution against Trp-NH, concentration. Apparent binding constant
was determined by 1:1 host-guest binding equation (CB8, 50 nM) (1ex = 338 nm and
Jem = 423 nm).
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Figure A.3 a) Time-dependent fluorescence changes of POPC/POPS->CB8/MDAP
liposomes (27.3 pM final phospholipid concentration) during the successive
addition of Tryptamine via the pH gradient (aqueous interior of the liposome 100
mM sodium citrate, pH 3.5 and exterior of the liposome 100 mM Na,HPO,, pH
10.8). Fluorescence spectral changes upon addition of Tryptamine to CB8/MDAP
complexes in 100 mM Hepes, pH 7.5 (inset) b) Comparison of liposomes
encapsulated (CB8/MDAP) reporter pair fluorescence changes with homogeneous
solution against Trp concentration. Apparent binding constant was determined by
1:1 host-guest binding equation (CB8, 50 nM) (1ex = 338 nm and Jem = 423 nm).
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Figure A.4. a) Time-dependent fluorescence changes of POPC/POPSH>CB7/PLM
liposomes (25.7 pM final phospholipid concentration) during the successive
addition of PheEtNH; via the pH gradient (aqueous interior of the liposome 100
mM, sodium citrate pH 3.5 and exterior of the liposome 100 mM Na,HPO,, pH
10.8). Fluorescence spectral changes upon addition of PheEtNH, to CB7/PLM
complexes in 100 mM sodium citrate pH 3.5 (inset) b) Comparison of liposomes
encapsulated (CB7/PLM) reporter pair fluorescence changes with homogeneous
solution against PheEtNH, concentration. Apparent binding constant was
determined by 1:1 host-guest binding equation (CB7 = 6 uM, PLM = 1 pM) (Lex =
425 nm and Aem = 495 nm).
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Figure A.5. a) Time-dependent fluorescence changes of POPC/POPSH>CB7/PLM
liposomes (25.7 pM final phospholipid concentration) during the successive
addition of Put via the pH gradient (aqueous interior of the liposome 100 mM,
sodium citrate pH 3.5 and exterior of the liposome 100 mM Na;HPO4, pH 10.8).
Fluorescence spectral changes upon addition of Put to CB7/PLM complexes in 100
mM sodium citrate pH 3.5 (inset) b) Comparison of liposomes encapsulated
(CB7/PLM) reporter pair fluorescence changes with homogeneous solution against
Put concentration. Apparent binding constant was determined by 1:1 host-guest
binding equation (CB7 = 6 uM, PLM =1 uM) (Lex = 425 nm and Aem = 495 nm).
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Figure A.6. a) Time-dependent fluorescence changes of POPC/POPSHCB7/PLM
liposomes (25.7 pM final phospholipid concentration) during the successive
addition of His via the pH gradient (aqueous interior of the liposome 100 mM,
sodium citrate pH 3.5 and exterior of the liposome 100 mM Na;HPO4, pH 10.8).
Fluorescence spectral changes upon addition of His to CB7/PLM complexes in 100
mM sodium citrate pH 3.5 (inset) b) Comparison of liposomes encapsulated
(CB7/PLM) reporter pair fluorescence changes with homogeneous solution against
His concentration. Apparent binding constant was determined by 1:1 host-guest
binding equation (CB7 = 6 uM, PLM =1 uM) (Lex = 425 nm and Aem = 495 nm).
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Figure A.7. a) Time-dependent fluorescence changes of POPC/POPSoCB7/PLM
liposomes (26.5uM final phospholipid concentration) during the successive addition
of Trp via the pH gradient (aqueous interior of the liposome 100 mM,
NaH,PO4/Na;HPO, pH 7.5 and exterior of the liposome 100 mM Na;HPO,, pH
10.8). Fluorescence spectral changes upon addition of Trp to CB7/PLM complexes
in 100 mM NaH;PO4/Na;HPO, pH 7.5 (inset) b) Comparison of liposomes
encapsulated (CB7/PLM) reporter pair fluorescence changes with homogeneous
solution against Trp concentration. Apparent binding constant was determined by
1:1 host-guest binding equation (CB7 = 6 uM, PLM =1 pM) (4ex = 425 nm and Aem
=495 nm).
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Figure A.8. a)Time-dependent fluorescence changes of POPC/POPSoHP-4-CD/BE
liposomes (53.5 pM final phospholipid concentration) during the successive
addition of Ada-NH, via the pH gradient (aqueous interior of the liposome 100 mM
sodium citrate, pH 3.5 and exterior of the liposome 100 mM Na;HPO,, pH 10.8).
Fluorescence spectral changes upon addition of Ada-NH, to HP-4-CD/BE
complexes in 100 mM sodium citrate, pH 3.5 (inset) b) Comparison of liposomes
encapsulated (HP-4-CD/BE) reporter pair fluorescence changes with homogeneous
solution against Ada-NH; concentration. Apparent binding constant was determined
by 1:1 host-guest binding equation (HP-#-CD = 100 uM, BE = 1 uM) (lex = 420 nm
and Aem = 540 nm).
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Figure A.9. a)Time-dependent fluorescence changes of POPC/POPSoHP-4-CD/BE
liposomes (62.6 pM final phospholipid concentration) during the successive
addition of PheEtNH; via the pH gradient (aqueous interior of the liposome 100
mM NaH;PO4/Na;HPO,, pH 3.5 and exterior of the liposome 100 mM Na;HPOy,
pH 10.8). Fluorescence spectral changes upon addition of PheEtNH, to
HP-5-CD/BE complexes in 100 mM NaH,PO4/Na;HPO,4, pH 3.5 (inset) b)
Comparison of liposomes encapsulated (HP-5-CD/BE) reporter pair fluorescence
changes with homogeneous solution against PheEtNH, concentration. Apparent
binding constant was determined by 1:1 host-guest binding equation (HP-5-CD =
100 pM, BE = 1 pM) (Lex = 420 nm and Aem = 540 nm).
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Table A.1 Hydrodynamic diameter of liposome measured by DLS.

Liposome Aqueous interior Diameter (nm)
pH

CB8/MDAP 3.5 145+ 2.0
7.5 134+ 1.0

CB7/PLM 3.5 139+ 1.0
7.5 143+ 1.0

HP-4-CD/BE 3.5 163+ 2.0
7.5 178+ 2.0
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10.2 Supporting Information for Chapter 4

10.2.1 Permeability Parameter Measurements Using FARMA
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Figure A.10. Data analysis by the initial rate method for Trp-NH, at 10 °C through
POPC/POPS liposomal a) Normalized (Iyorm = I:/I;=o) fluorescence Kinetic
traces. b) Dependence of the final fluorescence intensity I, on total analyte
concentration added. c) Dependence of the final fluorescence intensity on total
internal analyte concentration including linear fit according to I, = 1 + B [Alin tot-
d) Dependence of initial transport rates on added external analyte according to

Vin = kp [A]tot-
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Figure A.11. Data analysis by the initial rate method for Trp-NH, at 15 °C through
POPC/POPS liposomal a) Normalized (I,orm = I:/I;=¢) fluorescence Kinetic
traces. b) Dependence of the final fluorescence intensity I, on total analyte
concentration added. c) Dependence of the final fluorescence intensity on total
internal analyte concentration including linear fit according to I, =1+
B [Alinwor- d) Dependence of initial transport rates on added external analyte
according to v, = kp[Aliot.
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Figure A.12. Data analysis by the initial rate method for Trp-NH, at 20 °C through
POPC/POPS liposomal a) Normalized (I,orm = I:/I;=¢) fluorescence Kinetic
traces. b) Dependence of the final fluorescence intensity I, on total analyte
concentration added. c) Dependence of the final fluorescence intensity on total
linear fit according to I, =1+
B [Alintor- d) Dependence of initial transport rates on added external analyte
according to v, = kp[Aliot-
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Figure A.13. Data analysis by the initial rate method for Trp-NH, at 30 °C through
POPC/POPS liposomal a) Normalized (I,orm = I:/I;=¢) fluorescence Kinetic
traces. b) Dependence of the final fluorescence intensity I, on total analyte
concentration added. c) Dependence of the final fluorescence intensity on total
internal analyte concentration including linear fit according to I, =1+
B [Alinwor- d) Dependence of initial transport rates on added external analyte
according to v, = kpl[Aliot-
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Figure A.14. Data analysis by the initial rate method for Ac-Trp-NH; at 10 °C
through POPC/POPS liposomal a) Normalized (Inorm = I:/I:=¢) fluorescence
kinetic traces. b) Dependence of the final fluorescence intensity I, on total analyte
concentration added. c) Dependence of the final fluorescence intensity on total
internal analyte concentration including linear fit according to I, =1+
B [Alinwor- d) Dependence of initial transport rates on added external analyte

according to v, = kpl[Aliot.
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Figure A.15. Data analysis by the initial rate method for Ac-Trp-NH; at 20 °C
through POPC/POPS liposomal a) Normalized (Inorm = I:/I:=¢) fluorescence
kinetic traces. b) Dependence of the final fluorescence intensity I, on total analyte
concentration added. c) Dependence of the final fluorescence intensity on total
internal analyte concentration including linear fit according to I, =1+
B [Alintor- d) Dependence of initial transport rates on added external analyte
according to v, = kp[Aliot-
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Figure A.16. Data analysis by the initial rate method for Try at 20 °C through
POPC/POPS liposomal a) Normalized (I,orm = I:/I;=¢) fluorescence Kinetic
traces. b) Dependence of the final fluorescence intensity I, on total analyte
concentration added. c) Dependence of the final fluorescence intensity on total
internal analyte concentration including linear fit according to I, =1+
B [Alintor- d) Dependence of initial transport rates on added external analyte
according to v, = kp[Aliot-
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Figure A.17. Data analysis by the initial rate method for serotonin at 20 °C through
POPC/POPS liposomal a) Normalized (I,orm = I:/I;=¢) fluorescence Kinetic
traces. b) Dependence of the final fluorescence intensity I, on total analyte
concentration added. c) Dependence of the final fluorescence intensity on total
internal analyte concentration including linear fit according to I, =1+
B [Alinwor- d) Dependence of initial transport rates on added external analyte
according to v, = kpl[Aliot-
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Figure A.18. Stopped-flow measurements data analysis by the initial rate method
for Trp-OMe at 15 °C through POPC/POPS liposome a) Normalized (I,orm =
I./1,y) fluorescence kinetic traces. b) Dependence of the final fluorescence
intensity I,, on total analyte concentration added. c) Dependence of the final
fluorescence intensity on total internal analyte concentration including linear fit
according to I, = 1 + B [Alinor- d) Dependence of initial transport rates on added
external analyte according to v, = kp[Aliot.
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Figure A.19. Stopped-flow measurements data analysis by the initial rate method
for Trp-OMe at 20 °C through POPC/POPS liposome a) Normalized (I,orm =
I./1,y) fluorescence kinetic traces. b) Dependence of the final fluorescence
intensity I,, on total analyte concentration added. c) Dependence of the final
fluorescence intensity on total internal analyte concentration including linear fit
according to I, = 1 + B [Alinor- d) Dependence of initial transport rates on added
external analyte according to v;, = kp[Aliet.
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Figure A.20. DSC heating thermograms for DPPC/DOPS vesicles at 10 mM pH 7.0
Hepes buffer solution.
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Figure A.21. Data analysis by the initial rate method for tryptophanamide at 20 °C
through DPPC/DOPS vesicles a) Normalized (Iorm = I¢:/I:=¢) fluorescence
kinetic traces. b) Dependence of the final fluorescence intensity I, on total analyte
concentration added. c) Dependence of the final fluorescence intensity on total
internal analyte concentration including linear fit according to I, = 1 + B [Alin tot-
d) Dependence of initial transport rates on added external analyte according to
Vin = kplAlior-
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Figure A.22. Data analysis by the initial rate method for Ac-Trp-NH, at 30 °C,
DPPC/DOPS vesicles a) Normalized (I,,orm = I;/1;=o) fluorescence kinetic traces.
b) Dependence of the final fluorescence intensity I, on total analyte concentration
added. c) Dependence of the final fluorescence intensity on total internal analyte
concentration including linear fit according to I, = 1 + B [Aliy 0. d) Dependence

of initial transport rates on added external analyte according to vy, = kp[Aliot
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Figure A.23. Data analysis by the initial rate method for Try at 25 °C, DPPC/DOPS
through vesicles a) Normalized (I',orm = I:/I:—) fluorescence kinetic traces. b)
Dependence of the final fluorescence intensity I, on total analyte concentration
added. c) Dependence of the final fluorescence intensity on total internal analyte
concentration including linear fit according to I, = 1 + B [Aliytor- d) Dependence

of initial transport rates on added external analyte according to v;, = kp[Aliot.
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Figure A.24. Size distribution of POPC/POPS vesicles by dynamic light scattering
(DLS), d =134 nm.
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Figure A.25. Size distribution of DPPC/DOPS vesicles by dynamic light scattering
(DLS), d =131 nm.
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Abstract

Polvamines play an important role in cell growth, differentiation and cancer development, and
the biosynthetic pathway of polyamines is established as a valid drug target for the treatment of
parasitic diseases, neoplasia, and cancer chemoprevention. The key enzyme in polyamine
biosynthesis is omithine decarboxylase (ODC). We report herein an analvtical method for the
continuous fluorescence monitoring of ODC activity based on the supramolecular receptor
cucurbit[6Juril (CB6) and the fluorescent dye trans-4-[4-(dimethylamino)stvryl]-1-
methylpyridinium iodide (DSMI). CB6 has a significantly higher binding constant to the ODC
product putrescine (<107 M) than to the substrate L-omithine (340 M-1). This enables a real-
time monitoring of the enzymatic reaction through a continuous fluorescence change caused by
dve displacement from the macrocycle by the formed product, which allowed a straightforward
determination of enzyme kinetic parameters (kg = 0.12 s~ and K1 = 24 uM) and inhibition

constants of the two known ODC inhibitors o-difluoromethvlomithine (DFMO) and

epigallocatechin gallate (EGCG). The potential for high-throughput screening was demonstrated
by excellent Z'-factors (= 0.9) in a microplate reader format. and the sensitivity of the assay is
comparable or better than most established complementary methods, which have invariably the
disadvantage of not being compatible with direct implementation and up-scaling to high-

throughput screening format in the drug discovery process.
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Introduction
Enzymes play a crucial role in physiological processes and their upregulated or downregulated
activity has been associated with major diseases including numerous tvpes of cancer.! Moreover,
many pathogens require specific enzvmes for cellular entrv or infection. Enzymes are thus
considered important therapeutic targets for drug discoverv by the pharmaceutical industry.
Identification of novel, specific, and potent modulators of enzymatic function relies to a high
degree on developing scalable in-vitro assay methods and performing high-throughput screening
(HTS) of collections of small molecules.2:* The HTS paradigm in tum requires the careful design
of enzyme assays, which are compatible with existing plate-based screening infrastructure and
use of sensitive optically based readouts. such as fluorescence intensity measurements, as a
measure of target function.*

Polvamines are a class of compounds, which are associated with the genesis and

metastasization of various types of cancer including breast, skin, colorectal, bladder, and cervical

cancer.’ For example, increased cell proliferation, decreased apoptosis, and increased expression
levels of genes, which influence tumor invasion and metastasis, are accompanied by elevated
polyamine levels. The rate-limiting enzyme in the mammalian biosynthesis of polvamines is

omithine decarboxylase (ODC). which catalyzes the decarboxvlation of L-omithine into

putrescine and carbon dioxide. ®® ODC is consequently considered as a potential target in the

treatment of certain types of cancer and parasitic diseases. One important example is o-

diflugromethvlomithine (DFMO). an irreversibly binding suicide inhibitor for ODC, which is

currently marketed under the brand name Eflomithine and belongs to the WHO Model List of

Essential Medicines to treat sleeping sickness. Moreover, it is currently in multiple clinical trials
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as an adjuvant or chemopreventive agent and it appears to be highly useful in treating

neurcblastoma,®-%-19

Because of these promising avenues, new ODC inhibitors are cwrrently being sought in
academia and industry with the goal to either identify more potent inhibitors of human ODC with
improved pharmacokinetic properties or to find ODC inhibitors, which are selective towards
pathogen-specific ODC variants.'-!2 However, ODC inhibitors are difficult to identify, because
of the lack of suitable ODC enzyme assays. The established methods for monitoring ODC
activity include assays based on detection of radio-labeled putrescine,!® chemiluminescence-
based!* or colorimetric detection of Hy0; produced by oxidation of putrescine by amine
oxidases.®!* electrochemical measurements.'® and HPLC-based methods.!7!? All these methods
require several incubation or washing steps, for example, spotting of cellular extracts onto
phosphocellulose,* differential extraction of picrvlsulfonic acid adducts from water into 1-

pentanol.® as well as post-column or pre-column derivatization for HPLC.!® This renders these

methods unfavorable for HTS such that no HTS-compatible enzyvme assays for ODC are
currently available, which would allow for systematic identification and exploration of large
libraries of potential inhibitors.

We now report a robust and convenient fluorescence-based assay for continuously monitoring
ODC activity based on our previously reported supramolecular tandem enzyme assay principle
(Scheme 1).2%-22 Tandem assays rely on reporter pairs composed of a macrocyclic receptor and a
fluorescent dve, which bind to each other affecting a change in the fluorescence-spectroscopic
properties of the dve. In the tandem assays, the receptor additionally interacts either with the
substrate or the product of the enzymatic reaction leading to a displacement of the fluorescent

dve. Upon enzymatic conversion of the substrate into the product, the overall propensity of the
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reaction mixture to displace the fluorescent dve from the macrocyclic host changes, ie.. the
enzymatic reaction either converts a weakly binding substrate into a strongly binding product or
vice versa, which generates a detectable fluorescence change in any case. This affords an
altemative, simple, inexpensive, sensitive, and label-free method to continuouslv monitor
enzymatic reactions !

To adapt the tandem assay principle to ODC (Scheme 1), we selected trans-4-[4-
(dimethvlamino)stvrvl]-1-methvlpyvridinium (DSMI) iodide as the fluorescent dve and
cucurbit[6Juril (CB6) as the macrocyclic receptor. which were recently reported to form a highly
fluorescent inclusion complex.2®2* The substrate of ODC binds only very weakly to CBS6,
whereas the product putrescine is a strong competitor. As a consequence, ODC activity generates
a strongly binding product, which continuously displaces the fluorescent dye with time and
results in a concomitant decrease in fluorescent intensity. We demonstrate that the resulting
product-selective tandem assay?! can be used to determine enzyme-kinetic parameters of ODC

and for inhibitor screening with DFMO and (—)-gpigallocatechin gallate (EGCG) as two

5,825,

exemplary known inhibitors.” 26 The performance of the assay was also evaluated in a

microplate reader format, which gave excellent Z'-factors revealing its potential for HTS 2’

Materials and Methods

Materigls, All chemicals. including the fluorescent dye DSMI. were from Sigma-Aldrich
(Steinheim. Germany) and used as received. except for CB6. which was received from Strem
Chemicals (Kehl, Germany). Human omithine decarboxylase (0,702 ug/ul) expressed in HEK
cells was received from Qrigene (Rockville, USA) and stored at —60 °C. The Tris buffer was

prepared from Tris base and the pH was adjusted by addition of HCl. Stock solutions of
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pyridoxal 3 -phosphate (PLP) and dithigthreitol (DTT) were prepared freshly on a daily basis

and stored at 4 °C.

Spectroscopic measurements. Absorbance measurements were performed with a Varan Cary

4000 spectrophotometer. Fluorescence was measured with a Varian Eclipse spectrofluorometer
equipped with a temperature controller. All spectroscopic measurements were performed in 0.5
ml or 3.5 ml quartz glass cuvettes (Hellma Analytics. Germany).

Binding titrations, Fluorescence titrations were performed at ambient temperature by
successive addition of known concentrations of the titrant. It was ensured that the concentrations
of all other components were kept constant. Commonly, the change in fluorescence intensity in
the spectral area of largest variation was plotted against the concentration of titrant and analyzed
by nonlinear regression by using a 1:1 host-guest binding equation (for CB6 with DSMI) or a
competitive binding equation (all other) implemented in OriginPro 8.5 (Originl.ab Corporation,
Northampton, MA).

Continuous enzyme assays. Continuous fluorescence assays were performed in 0.3 m[, quartz
glass cuvettes (Hellma Analytics, Germany) with 3 pM DSMI in 10 mM Tris-HCL pH 7.5 at (37
=+ 0.1) °C. The sample was allowed to equilibrate for at least 15 minutes, and the fluorescence

intensity was subsequently continuously monitored (lee = 450 nm and J.p = 582 nm) as a

function of time during the addition of 0.5 uM CB6, varyving amounts of ODC (typically 0.6

ng/ul, all added from stock solutions containing EDTA, DTT. PLP. and Tween 80 to afford final

concentrations of 0.1 mM EDTA, 2.5 mM DTT, 0.1 mM PLP. 0.1% Tween 80). Reactions were
initiated by addition of L-omithine (typically 3—800 pM). The catalytic tumover number, Jq.

and Michaelis-Menten constant, Ky were determined by nonlinear regression of the saturation

curve by using the Michaelis-Menten equation. For inhibition studies, DFMO and EGCG were
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pre-incubated for 12 min and the reaction was initiated by addition of 200 pM L-omithine.
Inhibition constants were obtained from Hill plots.

Microplate Meagsurements. Microplate measurements were performed with a JASCO FP-8300
spectrofluorometer coupled with a JASCO FMP-825 microplate reader accessory in 96-well
microplates and with an EnSpire multimode plate reader (PerkinElmer. Waltham_ USA) in 384-

well microplates. Both microplates were flat-bottom microplates with a non-binding surface

from Coming (New York, USA, Product #3820).

For the enzymatic reactions in 96-well microplates. 234 uL of a 3 pM DSMI solution and 0.5
puM of CB6 in 10 mM Tris-HCI1. pH 7.5, were added to each well and equilibrated for > & min.
Then, 24 pL of 0.5 ng/ul ODC (added from a stock solution containing EDTA, DTT, PLP, and

Tween 80 to afford final concentrations of 0.1 mM EDTA, 2.5 mM DTT. 0.1 mM PLP. 0.1%

Tween 80) were added and the reaction was initiated by addition of 2 pL L-omithine (typically
3-300 uM in the Tris buffer). The total final volume in each well was 260 pL.
For the enzymatic reactions in 384-well microplates. 6 uL of 3 uM DSMI solution and CE6

(0.5-0.03 uM) in 10 mM Tris-HCIL. pH 7.5, were added to each well and equilibrated for > 15

min. Then, 3 puL of 1 ng/ul ODC (added from a stock solution containing EDTA, DTT, PLP, and
Tween 80 to afford final concentrations of 0.1 mM EDTA, 2.5 mM DTT, 0.1 mM PLP, 0.1%
Tween 80) were added and thereaction was initiated by addition of 1 pL of a 200 uM L-omithine
solution. The total final volume in each well was 10 pL. For the inhibitor studies, DFMO was
incubated with ODC for 15 min.

After initiating the reactions, the microplate was immediately placed into the reader and the
flucrescence intensity (e, = 430 nm and Ay = 582 nm) of each well was recorded at specific

time intervals.
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Results and Discussion

Characterization of the CBG6/DSMI Reporter Pair

To date, various supramolecular tandem assavs have been introduced, including supramolecular
tandem assays for amino acid decarboxvlases.2® In these cases, two different supramolecular

reporter pairs were used. calix[4]arene (CX4) with 2.3-diazabicyclo[2.2.2]oct-2-ene as a

fluorescent dye and cucurbit[7]uril (CB7) with dapoxyl Literature precedence, however,
suggested that the smaller homologue CB6 has a significantly higher binding constant to certain
biogenic amines, in particular to the ODC product putrescine,?® such that CB6 was considered
superior to CB7 in an ODC assay and expected to afford an increased sensitivity. So far, the
utility of CB6 was limited by the lack of suitable fluorescent dyes. While the cavity of CB7 is
sufficiently large to accommeodate various fluorescent dyes, for example. dapoxyl. acridine

orange, and berberine chloride, the choice of dves binding to CB6 had been limited to UV-

absorbing dves.2® The recently reported DSMI lifted this limitation and shows an absorbance as
well as fluorescence emission at relatively long wavelengths when bound to CB6 (1z; = 450 nm
and J.y = 582 nm). accompanied by a strong increase in fluorescence intensity by a factor of ca.
27022

To ensure that these beneficial properties are retained under the conditions relevant for enzyme
assays, titrations of DSMI with CB6 in 10 mM Trs-HCl at pH 7.5 were performed. In
accordance with titrations performed in neat water,”® addition of CB6 to DSMI produced a
negligible decrease in absorbance, whereas the fluorescence increased stronglv (Figure 1). A plot
of the fluorescence intensity at maximum emission wavelength (582 nm) and analysis by a 1:1

host-guest titration curve gave a binding constant of K, = 7.0 x 10° M-, which is in good
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accordance with the literature value 2* The combined results revealed DSMI as the dye of choice
for supramolecular tandem enzyvme assays with CB6. The reported standard buffer for ODC
additionally contains the reducing agent DTT, EDTA, the cofactor PLP, and Tween 8057
Therein, the apparent binding constant of DSMI to CB6 was slightly reduced (K, = 1.3 x 10% M~
L see Figure S1 in Supplemental Material), which is most likely due to competitive binding of
the buffer components. Also noteworthy, the standard concentration of PLP in ODC buffer led to
a relatively strong absorbance at the excitation wavelength of DSMI (ca. 0.4 at 0.1 mM PLP),
which may have led to a non-linear fluorescence response due to the inner filter effect, which
was not explicitly corrected for.

The response of the CB6/DSMI reporter pair towards the substrate and product of the
enzymatic reaction was explored by competitive titrations, in which the substrate or product are
successivelv added in small portions to a solution containing the reporter pair. This revealed that
large quantities of omithine (> 1 mM) were required to efficiently displace DSMI. and fitting of
the resulting titration curve by non-linear regression gave a very small binding constant of
(340+10) M~! (Figure 1c). In contrast, the enzymatic reaction product putrescine efficiently

displaced DSMI at nanomolar concentrations, vielding an almost linear dependence (R? = 0.99 in

the range of 0 to 0.5 uM) of the fluorescence intensity on putrescine concentration (Figure 1d).
This indicates that binding of putrescine to CB6 is quantitative under these conditions, pointing
to a very high binding constant, K, = 107 M-!. Interesting to note, the linear response also
demonstrates that the high absorbance of PLP at the DSMI excitation wavelength (see above) is
not further detrimental for a quantitative analysis of the fluorescence data. Presumably, the
influence of the inner filter effect on the fluorescence intensity remains constant, because the

absorbance of the additive, albeit significant, remains constant in the course of the titration.
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Generally, supramolecular tandem assays can even be performed with moderate binding
constants and comparably low selectivity for either substrate or product, but in these cases a
more elaborate data analysis is required, which involves several interrelated binding equilibria to
extract reaction rates from the resulting nonlinear fluorescence response. 22! The stark difference
between the binding constants of the substrate omithine and the product putrescine (> 4 orders of
magnitude), offers a simplified analysis with the added possibility to investigate a large working
range of substrate concentrations. In detail, a simple linear dependence of the fluorescence

intensity on the amount of formed product applies at all concentrations.

ODC Assay and Enzyme Kinetics

The ability to follow the reaction of ODC with the DSMI/CB6 reporter was demonstrated next
(Figure 2). Here, the fluorescence intensitv of a solution containing DSMI in 10 mM Tris-HCL
pH 7.5, was continuously monitored with time upon addition of CB6, ODC, and orithine. As
expected, addition of CB6 led to a strong increase in fluorescence due to complexation of DSMI
by CB6. Subsequent addition of ODC in a buffer containing sufficient amounts of DTT, EDTA,
PLP, and Tween 80 to give the desired final concentrations after dilution gave a ca. 2.7fold

decrease in fluorescence, due to a slightlv reduced binding constant and quenching Lastly,

addition of the substrate ornithine resulted in a continuous, time-dependent decrease in
fluorescence, which is indicative of the progress of the enzymatic reaction and which was absent
when no ODC was present (Figure 2b).

The time-dependent change in fluorescence progressed until a plateau of constant fluorescence
was reached (Figure 2a). Of note is that the fluorescence changed almost linearly, a response

which differs from many conventional enzvme assays. Usually, the final plateau region indicates
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that all substrate has been converted into its product, and the overall reaction rate decreases as
the enzymatic reaction proceeds due to substrate depletion. In the supramolecular tandem assavs
presented herein, however, the fluorescence becomes constant, because all CB6 is occupied by
the product putrescine. In fact, the overall change in fluorescence in Figure 2a refers to only
0.25% substrate conversion (i.e.. 200 uM L-omithine were used as substrate concentration, but
onlv 0.5 uM putrescine is needed to give a full fluorescence response, see Figure 1).

The peculiar response, which is desirable because it signals minute conversions and reflects
the critical initial rates, could be further verified by addition of an excess of CB6 after reaching
the platean value, which regenerated the fluorescence and showed again a time-dependent
decrease until a platean region of the same final intensity was reached. This control experiment
also demonstrated that the decrease in fluorescence is due to the conversion of omithine to
putrescine and not an artifact, e.g., from thermal or photodecomposition. As additional control
experiment, an excess of putrescine was added at the end (after ca. 200 min), which had no
influence on the final fluorescence intensity and confirmed that no undesirable interactions occur
in this complex mixture.

The large selectivity between substrate and product results in a linear response of the reporter
pair on product concentration, whereas the substrate does not interfere in a wide concentration
range. This allows an easy conversion of the fluorescence data into concentration changes by
considering that at the time point of enzyme addition, no product has vet formed ([product] =0
uM) while the plateau region indicates that all DSMI has been displaced from the available CB6
([product] = [CB6]). Normalization of the fluorescence traces with these considerations (see
Figure 2c and Figure 2d) and linear fitting of the fluorescence progress curve thus allows a

quantitative determination of the initial enzyme reaction rates. vg.
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The dependence of the vy values on varving enzyme and substrate concentrations could thus be
conveniently investigated, and showed the expected linear dependence of the reaction rate on the

ODC concentration (inset of Figure 2c) and the expected Michaelis-Menten behavior. including

saturation at high substrate concentration (inset of Figure 2d). Analysis of the Comish-Bowden
diagram with the Michaelis-Menten equation afforded the catalytic tumover number (fq = (0.12
=+ 0.01) s7!) and the Michaelis-Menten constant (Kyy= (24 = 1) uM) for human ODC expressed in
HEK cells. Considering differences in reaction conditions, assay types, and enzyme sources, the
obtained values are in satisfactory agreement with previously reported literature values (e.g.. fq

=33 57! and K3y = 80 pM for a human ODC expressed with the pUC vector in E. coli).”

Determination of Inhibition Constants

ODC is a potential target enzyme for treating certain tvpes of cancer as well as parasitic
infections,®® and, consequently, a simple fluorescence-based enzyme assay would be desirable to
identify additional ODC inhibitors in the future!l:12 To demonstrate the utility of our
supramolecular tandem assay in identifying ODC inhibitors, we selected DFMO and EGCG as

two established inhibitors (see Chart 1).2%2% DFMO is the most widely studied prototypical

suicide inhibitor of ODC. It forms after decarboxvlation a covalent bond with a cysteine residue
in the active site of ODC and, thereby, irreversibly suppresses ODC activity.1%:28 DFMO is
currently in clinical trials as a promising chemopreventive agent in the therapy of colorectal
cancer, non-melanoma cutaneous cancer, bladder cancer, cervical cancer, and
neuroblastoma **!? EGCG is the most abundant polyphenol in green tea, and may be associated

with the claimed beneficial effects of green tea. It has been shown that EGCG inhibits various
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kinds of protein kinases, thus interfering with their signal transduction pathway, and EGCGis a

known competitive inhibitor of QDC.2

To study the inhibition of ODC by DFMOQO and EGCG with our supramolecular tandem assay
involving the CB6/DSMI reporter pair, the time-dependent flucrescence changes in the presence
of varying inhibitor concentrations were recorded and normalized in the same manner as
described above for the determination of its enzyvme kinetics (Figure 3a and c). Importantly, both
inhibitors did not significantly bind to CB6 (K. < 500 M-!, see Figure S2 in Supplemental
Material), which would otherwise need to be accounted for (but which is generally only likely
for polycationic molecules or residues with sufficiently low molecular weight to become
encapsulated into the cavity of CB6). The initial enzyme reaction rate obtained by linear fitting
of the fluorescence progress curve was then plotted against the inhibitor concentration and
analyzed with the common Hill equation (Figure 3b and d). This vielded the ICsg of both
inhibitors, i.e., the inhibitor concentrations needed to reduce the enzyme activity by 30%, which
approximates to the inhibition constant Kj. when the actual concentration of the enzyme falls far
below the JCsg value, which is fulfilled.

The inhibition constants obtained with our supramolecular tandem assay were £; = (4.4 =0.2)
uM for DFMO and K = (166 = 8) uM for EGCG. The value for DMFO is in good agreement

with a literature value of 2.2 uM for the racemic mixture,' and a ;> 100 pM was previously

deduced for EGCG .3 This demonstrates that our supramolecular tandem assay for ODC can be
used to reliably determine inhibition constants, even for weakly inhibiting compounds such as

EGCG.
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Microplate Measurements
To demonstrate the potential of our ODC assay in HTS applications, we have also miniaturized

the detection system and performed measurements in microtiter plates, which would allow

screening several inhibitors or activators in parallel. This allowed to judge the statistical
variability of the assay by the Z'-factor,” which considers the average fluorescence signal of a

sample, Js, and of a control, I¢, and their respective standard deviations, g3 and o¢ (Eq. 1).

r_ 4 _ 3ogtioc
7' =1 Eq.- D

Here, the fluorescence signal in the absence of enzyme was taken as control and the signal of
the plateau region after addition of enzvme was taken as the sample. This gave a Z'-factor for this
assay of 0.96 in 96-well microplates and of 0.90 in 384-well microplates, which is considered
excellent, as a Z'-value of 1.0 represents an ideal HTS assay and even a value of 0.5 is normally
taken as an acceptable HTS assav. We could also determine the inhibition constant of DFMO in
a 384-well microplate format which gave a value of (4.9 = 0.2) uM. in excellent agreement with

our cuvette-based measurements (see above).

Importantly, only 130 pmol putrescine is needed to afford a complete dye displacement and,
thus, a maximal fluorescence response in 96-well microplates with our supramolecular ODC
tandem assay. This value is significantly lower than the reported limits of detection for
colorimetric and electrochemical detection (Table 1). Using 384-well microplates allowed a
further miniaturization to a working volume of 10 pL. A maximal fluorescence response under
these conditions is achieved with only 5 pmol putrescine (Z' = 0.90). a concentration which could
be even lowered to 0.5 pmol (£ = 0.56, which is still sufficient for HTS). This places our

supramolecular tandem assay among the most sensitive methods reported so far.
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In conclusion, we have introduced a label-free method for the real-time, continuous monitoring
of ODC activity by fluorescence spectroscopv. The assay requires simply the addition of the
commercially available host molecule CB6 and the fluorescent dyve DSMI to the reaction
mixture. We have shown that the resulting supramolecular tandem assay is suitable for
determination of enzyme kinetic parameters and inhibition constants. In addition, we have
demonstrated the potential of the assay in HTS applications and its sensitivity by using a 384-
well microplate format. The novel supramolecular tandem assay for ODC thus presents a rapid.
simple, and affordable method to allow its routine application, for example, for screening of drug

candidates in HTS or for medical diagnosis of ODC levels as a disease marker.
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Tables and Table Legends

Table 1. Limits of detection (L.O.D.) of various ODC assays and comparison of desirable

performance features of functional and HTS up-scalable assays 2

thod L.0.D. single incubation, single direct real-time £
metho (pmol) aliquots monitoring relerence
radiolabeling ndr no no 13
chemiluminescence 2 no noe 14
colorimetry 2500-25000 no ne 15
electrochemical 1250 ne no 16
HPLC 20-30 noe no 18
LC/MS 0.005 no no 17
fluorescence <5¢ yes yes this work

2 Defined as the minimum detectable amount of the enzymatic reaction product putrescine. "n.d.
=no limit of detection has not been reported. ¢ 384-well format.

Figures and Figure Legends

|
N
)

NH; ornithine

decarboxylase
+ _— +
wcoo®
HN
/N"‘-..
strongly weakly
fluorescent fluorescent
Scheme 1. Working principle of the fluorescence-based supramolecular tandem e e assay

for omithine decarboxvlase (ODC).

H3N

D,L-a~difluorometh
(DFMO)

HF; OH OH
H

ylornithine  (-)-epigallocatechin gallate

Chart 1, Chemical structures of inhibitors
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Figure 1. Determination of the binding constant of DSMI to CB6& and response of the reporter

pair to the substrate L-omithine and the product putrescine. a) Absorption spectral changes upon

addition of CB6 (0 to 6 uM) to 10 uM DSMI. b) Fluorescence changes upon addition of CB6 (0

to 15 uM) to 3 uM DSMI with corresponding titration plot (inset). c) Competitive fluorescence
titration of L-omithine with corresponding titration plot (inset). d) Competitive fluorescence
titration plot for L-omithine (open circles and dashed line) and putrescine (closed circles and
solid line). The arrow indicates the expected fluorescence change upon conversion of omithine
into putrescine by ODC. Excitation and emission wavelengths for all measurements were Lo, =
450 nm and Ja; = 382 nm. Panels a) and b) show data in 10 mM Tris-HCL pH 7.5, panels c) and

d)in 10 mM Tris-HCL 0.1 mM EDTA, 2.5 mM DTT. 0.1 mMPLP, 0.1% Tween 80.pH 7.5.
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Figure 2. Continuous fluorescence enzyme assays with ODC. a) Fluorescence intensity (lep, =
450 nm, Juy = 582 nm) of a solution of 3 pM DSMI in 10 mM Tris-HCL pH 7.5, at 37 °C
continuously monitored upon addition of 0.5 yM CB6, 200 pM L-omithine, and 0.3 ng/ulL ODC
(added from a stock solution containing EDTA, DTT, PLP, and Tween 80 to afford final
concentrations of 0.1 mM EDTA, 2.5 mM DTT. 0.1 mM PLP. and 0.1% Tween 80). For control

purposes, excess CB6 (2 uM) and putrescine (1 mM) were also added at later stages. b)
Comparison of the fluorescence changes in the presence and absence of ODC. ¢) Dependence of
the initial reaction rate on enzvme concentration (with 200 uM L-omithine). d) Dependence of

the initial reaction rate on substrate concentration (with 0.3 ng/ul. ODC).
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Figure 3. Determination of inhibition constants of DFMO (a,b) and EGCG (g¢.d). a,¢) Continuous
changes in fluorescence intensity (e, = 430 nm. Joy = 582 nm) recorded with 200 uM L-
ornithine, 1 ng/ul ODC, 0.5 uM CB6, and 3 uM DSMI in 10 mM Tris-HCL 0.1 mM EDTA, 2.5
mM DTT. 0.1 mM PLP, 0.1% Tween 80. pH 7.5, at 37 °C and varying amounts of a) DEMO
(0.5 to 100 uM) or ¢) EGCG (2 to 1000 uM). Panels b) and d) show the corresponding dose-

response curves, fitted according to the Hill equation.
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10.3.2 Characterization of Mixed Ligand Shells on Gold Nanoparticles

Characterization of Mixed-Ligand Shells on Gold Nanoparticles by
Transition Metal and Supramolecular Surface Probes

Mohamed Nilam,* Mostafa Ahmed,2® Mohammad A. Alnajjar,® Andreas Hennig**

We report herein two metheds to characterize the surface of mixed-ligand shell gold nancparticles, which was explored
with gold nancparticles containing varying molar ratios of 3-mercaptopropionic acid (MPA} and 3-mercapto-1-
propanesulfonate (MPS) or 11-mercaptoundecancic acid (MUA) and triethylene glycel mone-11-mercaptoundecyl ether
[TEG) in their ligand shell. Incubation of gold nanoparticles with a sclution containing the transition metal cation Ni%*
allows to extract Ni** depending on the number of negatively charged surface groups and reaction of surface carboxylic
acid groups with an aminomethyladamantane derivative allows to extract the supramoclecular host molecule
cucurbit[7]uril (CBY) depending on the number of reactive surface groups. In both methods, remaining surface probes in
the supernatant could be conveniently quantified in homogeneous solution after a simple centrifugation step. An excellent
linear correlation between the amount of Ni** extracted and the ligand density of MPA and MPS in MPA/MPS gold
nanoparticles or MUA in MUAJTEG gold nanoparticles afforded a simple and reliable assay method to determine the
number of negatively charged surface groups. The supramolecular CB7 assay enabled the determination of the accessible
ligand density of reactive surface carboxylic acid groups and revealed a striking difference in the number of surface groups
that can be reacted to MPA/MPS gold nancparticles or and MUA/TEG gold nancparticles, which suggests a simple method

to probe the surface structure of mixed monolayer gold nanoparticles.

been established for nanoparticles, e.g. inductively coupled

Introduction plasma mass spectrometry  (ICP-MS) and optical emission
N 13 i ? 9 14

Gold nanoparticles  (AuNPs) have attracted increasing interest spectroscopy  (ICP OELE}' Lsxhemogtam_mgm; anfalysus ?T{GA}'d
from various scientific disciplines owing to their ease of MR spectroscopy Fourier  transform  infrare
spectroscopy  (FTIR),2- 18 absorption  and  fluorescence

synthesis together with the possibility to form self-assembled
monolayers  with  small-molecule  ligands  on  their  surface.
These surface ligands impart colloidal stability to the AuNPs
and they enable  further post-functionalization with
application-relevant  molecules, for example by conversion of
surface carboxylic acid groups into amides, which is key for
numerous  applications of AuNPs, eg. in (bio)sensing and
imaging, drug delivery, catalysis and materials  science.l®
Despite  this enormous application potential, the resulting
nanoparticles and, in particular, their surface functional groups
remain, however, often poorly characterized®2 although a
rigorous gquality control of parameters such as surface ligand
densities, coupling efficiencies, and surface functional group

spectroscopy,'® 2@ X-ray photoelectron  spectroscopy  (XPS)HL 21
various  titration  methods,?2*  and  electrospray-differential
mobility analysis.?> 2% Furthermore, specialized methods have
been developed, e.g. methods involving enzyme-cleavable
ligands to probe domain formation in mixed ligand shells on
AuNPs.? However, a large fraction of these technigues require
expensive or  specialized  instrumentation  and  well-trained
users, such that more simple yet reliable methods are highly
desirable.

Within  our previous efforts to  mutually validate various
surface functional group quantification methods, 23 we have
communicated two methods to investigate grafted polylacrylic
aecessibilities is of utmost  importance  to ensure ac_id} she!ls of varying chain lengths on the surface of polymer
reproducibility — and  elucidate  meaningful  structure-function microparticles.  Both  methods rely on the capabilty of a
ralationships of nanomaterials. particle surface to specifically bind a surface probe and

Numerous surface functional characterization methods have (Tereby extrect it from solution (Scheme 1). In the NIV assay,
binding  between  negatively charged surface  carboxylate

groups and the divalent Ni2* ion is used and remaining NiZ* in
the supernatant is quantified by the transition metal ion
indicator pyrogatechol violet (PV).32 In the CB7 assay, surface
carboxylate groups are  first reacted with N-
(adamantylmethyl)-butane-1,4-diamine [AMADA-Put), which
then allows to extract the supramolecular host cucurbit[7]uril
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(CB7) and to subsequently quantify remaining CB7 in the
supernatant by the fluorescent dye acridine orange (AO).3
This established the NPV assay as a relisble and simple
method to determine the total number of negatively charged
surface carboxylate groups, whereas the CB7 assay can be
used to determine the number of oceessible  surface
carboxylate groups, ie. the number of surface groups that can
be functionalized with a chemical derivatization method.3% 32

Herein, we now evaluate both of our methods with two
series of mixed-ligand shell protected AuNPs (Scheme 1). In
the first series, the number of reactive surface carboxylate
groups was varied and the number of negatively charged
groups kept constant by using varying molar ratios of
3-mercaptopropionic acid (MPA) and 3-mercapto-1-
propanesulfonate (MPS), whereas in the second series, varying
molar  ratios  of 11-mercaptoundecancic  acid (MUA)  and
triethylene glycol mono-11-mercaptoundecyl ether (TEG) were
used to vary both, negatively charged and reactive surface
groups.**3*  The composition of the mixed-ligand shells was
quantified with the aid of 'H NMR as an established method,*™
® which allowed us to correlate the results from the NiPY and
CB7 assay to the ligand composition. This confirmed, first, that
our NPV assay reliably reports the total number of negatively
charged surface groups in mixed-ligand shell protected AuNPs,

was

and second, established the CB7 assay as a method to
determine structure-reactivity relationships  for  chemical
derivatization methods on surfaces.

Experimental

Materials

Hydrogen tetrachloroaurate () trihydrate,
3-mercaptopropionic  acid  (MPA),  sodium  3-mercapto-1-
propanesulfonate  (MPS), 11-mercaptoundecancic acid (MUA),
triethylene  glycol  mono-11-mercaptoundecyl  ether  (TEG),
sodium citrate tribasic dihydrate, pyrocatechol violet (PV),
nickel(ll}  chloride,  5,5'-dithiobis(2-nitrobenzoic  acid)  (DTNB),
acridine orange (AO), and maleic acid were obtained from
Sigma-Aldrich  (3teinheim, Germany). Cucurbit[7]uril (CB7) and
N-adamantylmethylbutane-1,4-diamine (AMADA-Put) were

synthesized according to the literature®® 32 The pH of the
buffers was adjusted by addition of NaOH and HCl. NANOpure
(Thermo Scientific, »18.2 MQ-cm) used in the
preparation of all solutions, and all glassware and Teflon
coated stir bars were washed with aqua regia (4:1 ratio of
concentrated HCl and HMNO; by volume) and rinsed thoroughly
with water. Coution: Aqua regig is toxic and corrosive. It should
be handled in a fume hood only with proper personal
protective equipment.

water was

Fairly uniform size gold nanoparticles were prepared by the
citrate reduction method.*® Therefore, 250 mL of 1 mM HAuCl,
in water was heated to boiling, and then, 25 mL of 38.8 mM
trisodium  citrate added under stirring.  After
colour change of the solution from light yellow to wine red,
heating was continued for 15 min. Finally, the solution was

in  water was
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cooled to room temperature.  Lligand exchange was then
performed by addition of wvarying ctoncentrations of ligands
(see Table 1 for details) to the as prepared AuNPs and stirring
overnight at  room temperature®  The mixed-ligand  shell
AuNPs were subsequently concentrated to 1.5 mL by repeated
centrifugations at 16400 ref, and finally washed five times with
millipore water to remove any remaining ligand in solution to
hfford AuNP stock solutions of ca. 1.5 uM.

Mixed-Ligand Shell AuNPs

MPA/MPS-AUNPs MUATEG-AuNPs

HS(CH,),CO0™ (MPA) HS{CH,},.COO (MUA)

HS(CH,),807 (MPS) HE(CH,},(OCH,CH,),0H (TEG)

! 1
NPV Assay

CBT Assay
1. Reaction with AMADA-Put

1. Incubation with Ni** 2. Incubation with CB7 s
as surface probe as surface probe M~~~
@ =N P e AMADA-Put
CBr
\— Centri atiom“
Pellet Supernatant
o]
o © °
eeo® ©
® [ ] ® [ ]
e® o
e © ® @

Supernatant analysis by absorption and

fluorescence spectroscopy in homegeneous solution
Scheme 1 Principle of the NiPy assay and CB7 assay applied to mixed-ligand shell gold
nanoparticles [AUNPs). The surface probe [Ni** or CB7) is incubated with the particles
and the unbound probe is quantified with a suitable dye (pyrocatechel violet (PV) for
Ni** and agriding crange {AO) for CBT) in the supernatant after centrifugation.

Instrumentation

Absorption measurements were performed with a Varian Cary
4000 spectrophotometer in 1.0 ml quartz glass cuvettes (d =
0.33 c¢m) from Hellma Analytics (Germany). Fluorescence was
measured with a Varian Eclipse spectrofluorometer in 3.0 ml
polystyrene cuvettes from Sigma-Aldrich (Steinheim,
Germany). 'H NMR spectra were recorded on a Jeg| ECS400
MHz and chemical shifts (3) are reported in ppm relative to

TMS (& = 0 ppm). Particle size was analyzed by TEM with a
Zeiss EM900 and by dynamic light scattering (DLS) with a
Malvern  Zetasizer Mano ZS  with a 173"  backscatter

measurement angle.
1H NMR Analysis
In all NMR measurements, a relaxation delay of 35 was used.

NMR samples were prepared by concentrating the AuNPs by
centrifugation for 25 min at 16400 rcf, followed by digestion
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with 20 pl aqua regia overnight, and dilution with D,0 to a
total volume of 700pul To quantify the ligand concentration, 5
mM  maleic  acid (traceable certified  reference  material,
product no. 92816 from Sigma-Aldrich) was used as an internal
reference. The ligand concentration was converted into ligand

densities using the AuUNP concentrations determined by
absorption  spectroscopy®?  and the size of the AuNPs

determined by TEM.
NiPV Assay

Varying amounts of the as prepared AuNP stock solutions
were incubated with 200 pM NP+ for 10 min in 10 mM Hepes,
pH 7.5 (total volume 600 pl). After centrifugation for 25 min at
16400 rcf, 500 pl of the supernatant were taken and diluted to
1000 pL with 10 mM Hepes, pH 7.5. PV was added from a
freshly prepared stock solution to afford a final PV
concentration of 80 pM. Absorption spectra were recorded
immediately after PV addition and the absorbance at 650 nm
was plotted against the volume of the particle stock solution.

Supramolecular CB7 Assay

Ligand-capped AuNPs (10 mg) were washed into 660 uplL of
01 M MES, pH 5.0. AMADA-Put (B0 pL of a 40 mM stock
solution) was added and the reaction was initiated by addition

of 100 pl of 100 mg/mL 1-ethyl-3-(3-
dimethylaminopropyljcarbodiimide (EDC) hydrachloride

freshly dissolved in 4 °C cold water. After 3 hours reaction
time, the functionalized AuNPs were washed 5 times with 1 mL
of 10 mM (NH,);HPO,, pH 7.2. For the supramolecular assay,
aliquots of the AuNPs were diluted with 10 mM (NH,).HPO,
pH 7.2 and 16 pM CB7 was added to afford a final volume of
300 pL. The solution was mixed for 10 min and then
centrifuged for 30 min at 16400 rcf. 200 pL of the supernatant
were transferred into a 3 mL polystyrene cuvette and diluted
to 2 mL with 10 mM (NH,)}HPO,, pH 7.2. 4 pL of 1 mM of
acridine orange in 10mM  (NH,),HPO, was added into the
cuvette and fluorescence spectra were recorded (4., = 450 nm
and A, =510 nm for analysis).

Results and Discussion
Synthesis of AuNPs

Mixed-ligand shell protected AuNPs were synthesized by a

modified  Turkevich method*> 2 and subsequent ligand
exchange in water  with  mixtures of sodium  3-
mercaptopropanoate  and  3-mercapto-1-propanesulfonate  to
afford MPA/MPS-AuNPs or sodium 11-mercaptoundecanoate
and  triethylene glycol mono-11-mercaptoundecyl  ether to

afford MUA/TEG-AuNPs (Table 1, Chart 51 for structures in the
ESIT). Remaining ligands in solution were removed by repeated
centrifugation and washing cycles until no  thigls could be
detected in solution by Ellman’s reagent (limit of detection =

0.3 uM, Fig. 51 in the ESIT for details), s> +

The AuNPs were subsequently characterized by UV/VIS
absorption  spectroscopy,  transmission  electron  microscopy
(TEM), and dynamic light scattering (DLS). This consistently

indicated an average diameter of the AuNP core of (21 = 3)nm
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by TEM (Fig. S2_in_the ESIT), which is in_excellent agreement

with,.a..maximum. of the  surface plasmon  resonance, band, at
522 to 523 nm far all AuNP preparations (Fig, 53 in the ESIT).2
45 Furthermore, DLS gave an average hydrodynamic diameter
of the nanoparticles dispersed in solution of 27 to 30 nmoe ¥
No aggregation of the purified and concentrated AuNPs was
observed and no ligand dissociation could be detected by
Ellman’s reagent within a period of five months storage at 4°C
(Fig. S1{c) in the ESIT).3

Surface Group Analysis by 'H NMR

Solution-based as  well as  solid-state  quantitative NMR
spectroscopy  (gNMR]  has  been established as a reliable
method  for  surface  group quantification  of pang-  and
microparticles with the potential for metrological

traceability.2® 3L %2 |n the case of small AuNPs (<3 nm), surface-
bound ligands can be directly quantified in  solution-based
NMR,. 31 whereas increasing size of the particle core leads to
line broadening.ts 37

310 300 280

280
Bippm}

270 250

Fig, 1 *H NMR spectra of MPA/MPS-AulPs after digestion with agua [ggia and
subsequent dilution with D0 (pR 1.6). The MPA/MPS-AuNPs were prepared with
warying molar ratios of MPA and MPS during ligand exchange: a) MPA only, b} 1:1, ¢

13, d) 1:5, &) 1:10, f) 115, g) 1:30, hj 1:50, j) 1:83,

As an alternative, we dissolved the AuNP core with agua
regia and subsequently guantified the ligands in homogeneous
solution.?” In order to obtain the molar ratio of surface-bound
ligands, the integrated peak areas of the triplet peaks at
3.04ppm and 2.63 ppm assigned to MPA and the peak at
2.88ppm for MPS were compared for MPA/MPS-AuMPs (Fig.
1), and the integrated peak areas of the triplet peaks at 2.17
ppm and 3.34 ppm assigned to MUA and TEG were compared
for MUA/TEG-AuNPs (Fig. 54 _in. the ESIF), This indicated that
the molar ratio of surface-bound ligands significantly deviated
from that in the solution (Table 1). This presumably originates
from different adsorption/desorption rates of the two ligands
during ligand exchange and was also reported for mixed
manglayers composed of MPA and polylethylene glycol) > 53
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AuNDs Ligand molar ratio Ligand density by *H NMR (ligands /nm?) NPV assay CB7 assay Coupling Yield
addeds | found= total ligand 1 ligand 2 {ligands/nm?) (ligands/nm2)= (%)
MPA/MPS onll',r MPA 6.35 6.35 n.A- 6.21 0.184 2.8
1:1 1:03 6.10 4.69 141 6.07 0.177 3.8
1:2 1:06 5.85 3.66 2.19 5.80 0.135 3.8
1:5 1:08 5.57 3.09 2,48 5.68 0.114 3.7
1:10 1:05 5.29 2.78 2.51 5.03 0.105 3.8
1:15 1:1.0 4.44 2.22 2.22 4.08 0.0617 2.8
1:30 1:1.2 4.40 2.00 2.40 4.22 0.0421 2.1
1:50 1:1.4 4.32 1.80 2.52 4.18 0.0326 18
1:83 1:2.0 4.26 1.42 2.84 4.19 0.0231 1.6
MUA/TEG only MUA 4.88 4.88 n.A. 4.78 0.135 2.8
100:1 36:1 3.89 .78 0.11 3.75 0.0783 2.1
20:1 3.0:1 2.52 1.89 0.63 1.85 0.0402 2.1
10:1 2.5:1 1.53 1.09 0.44 1.03 0.0218 2.0
3:1 2.5:1 1.42 1.01 0.41 0.92 0.0201 2.0
2:1 1.15:1 1.55 0.85 0.74 0.45 0.0108 1.3
1:1 0.80:1 1.50 0.67 0.83 0.45 0.00676 1.0
only TEG 2,12 na- 212 3. na. n.a-

2 For MPA/MPS-AUNPs, 0.1 mM MPA (1.0, 0.5, 0.05, 0.03 mM for 1:1, 1:2, 1:50, 1:83, respectively) and varying concentrations of MPS were used during ligand
exchange; for MUA/TEG-AUNPS, 1 mM MUA and varying TEG concentrations were used. AYNPS containing only MPS as surface ligands could not be prepared, because
addition of MPS to the AUNP solution led to an immediate aggregation of the AUNPS & By ‘H NMR spectroscopy, see main text. < Standard deviation 4.5%. ¢ Standard

deviation 3.0%. Standard deviation 9 O%I

The total ligand densities (Table 1) were determined by using
5 mM maleic acid as an internal standard and comparing the
integrated peak areas of maleic acid (singlet at 6.20 ppm) with
the integrated peak areas of the respective ligand peaks. This
gave the concentration of ligands, > 3 3* which were
corverted into ligand densities using the AuMP concentrations
(determined by absorption spectroscopy)® and the size of the
AuNPs (determined by TEM). The values for AuNPs covered
with MPA or MUA (ca. 6.3 and 4.9 ligands/nm32) agreed well

with recently reported values obtained by ICP-MS.2 22 For
mixed-ligand shell protected AuNPs, the total ligand density

systematically decreased with increasing amounts of MPS or
TEG (Table 1), which is in accordance with the larger size of
MPS and TEG compared to MPA and MUA, respectively.’t The
comparably low  values for AuNPs coated with TEG were
additionally confirmed by TGA (Fig. 35..n.the E3l), The overall
reproducibility of AuNP synthesis, ligand exchange, and our *H
NMR-based  quantification  method  was  determined by
measuring  replicates  of  individually prepared batches  of
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AuNPs and indicated an excellent coefficient of variation (CV =
2.6%, Fig. SBlin the ESIT).
NiPV Assay

We have previously explored binding of divalent transition
metal cations to grafted chains of poly(acrylic acid) on the
surface of polymer micro-and nanoparticles.3 This established
a linear relationship between the number of surface-bound
Niz* dications and the number of surface carboxylate groups

and suggested 2 simple method to quantify the number of
surface  carboxylate  groups.  In the resulting NPV assay,

remaining NiZ* in solution is quantified after a centrifugation
step by addition of pyrocatechol violet (PV) as a colorimetric
transition metal cation indicator.s

Since binding of divalent transition metal cations to surface
carboxylate groups on AuNPs was indicated in the design of
sensor  systems, 558 we were now interested to explore the
NiPV  assay  with  mixed-ligand  shell protected  AuNPs.
Therefore, the mixed-ligand shell AuNPs were incubated with a
Niz-containing solution and PV was added to the supernatant
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after centrifugation. A linear decrease in_ the absorption
spectraat. 830 nm. (Fig. 23, Fig. 37, and Fig. 58 in the ESIF)
immediately indicated a particle-dependent extraction of N
from solution, and control experiments confirmed that the
absorption spectra from the plateau region (=30l in Fig. 2a)
correspond to the absorption spectrum of PV in the absence of
Niz*. Furthermore, unfunctionalized AuNPs or  AuNPs
containing TEG only (no negatively charged surface groups)
gave no change in absorbance at 650 nm.

Within our previous work,?2 we established that the resulting
change in PV absorbance is related to the ligand density of

surface  carboxylate groups according to  the following
equation:

Lizand Densi [Ni**]Va

1gan enswy=n—————

g A — sy
Therein, [Ni*] is the N concentration and V the total

volume during incubation of Niz* with the particles (here: 200
uM and 600 pl), @ is the slope and b the y- intercept of the
initial linear decrease in the titration plots, A, the absorbance
of PV in absence of Ni#, ¢ the stock concentration of the
particles (mol/L), and A the total surface area of all particles
(am?). The value of n represents a stoichiometry factor, which
relates the amount of extracted Ni2* ions to a ligand density of
surface groups.
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Fig, 2 Result of NiPY assay for guantification of negatively charged surface functional
groups on AuNPs &) Dependence of the absorbance at 650 nm versus the volume of
MPA/MPS  (1:15)-AuNPs and respective absorption spectra (inset) b) Correlation
between the ligand densities of negatively charged surface functional groups con
MPA/MPS and MUA/TEG-AUNPs determined by *H NMR and by the NiPy assay. The
dashed line indicates the ideal correlation and was not obtained by a linear fit.
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By wusing this equation, now found an  excellent
correlation  (R2> 0.99) between the ligand density of
negatively charged surface groups on mixed-ligand shell AuNPs
and the results of the NPV assay, in which the stoichiometry
factor n was identical for both series of AuNPs (Fig. 2b). To our
surprise, it also agreed with the previously established value of
n = 265 for grafted poly(acrylic acid) chains on  polymer
particles, which  suggests that under the experimental
conditions, the number of extracted N2 ions is mainly
determined by the overall surface charge density of the
particle and largely independent of the chemical nature of the
surface. OQur results were overall highly reproducible (CV =
1.3%, Table S1 in the ESIT), but also suggested that at least ca.
1.0 negatively charged ligands/nm? are required. Below this
threshold value, a systematic underestimate by the NPV assay
of ca. 30-40% was noted (see penultimate two rows of Table 1
and arrow in Fig. 2b).

we

Supramolecular CB7 Assay

In addition to the total number of surface groups, it is also
often of interest how many molecules can be conjugated to
the surface ligand shell of particles. This parameter has been

termed the number of accessible (or  available) surface
functional groups and several methods have been developed
to  determine  this parameter. For example, flugrescein
isothiocyanate or a  complex of Cu» with the chelator
DOTA-NHS was reacted to amine-functionalized w surfaces
and quantified after AuNP digestion with aqua regia by

fluorescence spectroscopy or  ICP-MS.22 Similarly, labelling with
a chelator and subsequent binding of a radiotracer has been
used to probe the surface of polymer microspheres.s
Additionally, attempts have been made to relate the number
of accessible (or available) surface functional groups to surface
structure. 13, 29, 31, 33, 5961

Fluorescence
tn

0 B 100 18
Volume (pL)

Fluorescence

fnctionali %
with AMADA-Put
500 600 700
Wavelength (nm)
Fig, 3 Results of CB assay for quantification of accessible surface functional groups on

MPA/MPS(1:50)-AuNPs. Shown is the variation of fluorescence spectra with increasing
volume of AUNP stock solution [see main text for details). The inset shows the particle-

dependent change at Ay, = 510 nm.

We have previously established a simple method to
determine the number of accessible surface groups, which
does not require any dissolution of the particle core and avoids
the use of radioactive material.3* Therein, N-
(adamantylmethyl)-butane-1,4-diamine (AMADA-Put) was
used to explore the efficiency of EDC-mediated amide coupling
to surface carboxylates on polymer particles, and the resulting
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ligand density of AMADA-Put was determined with the
macrocyclic  host  cucurbit[7]uril  (CB7) as a surface probe
according to Scheme 1. In the CB7 assay, the extremely strong
(K, ca. 10® MY  supramolecular host-guest interaction
between CB7 and AMADA-Put ensures quantitative binding

down to the picomolar range.s As a consequence, CB7 can be
extracted from solution with surface-bound AMADA-Put and
remaining CB7 is then quantified by addition of a suitable
fluorescent dye, eg. acridine orange (AO), which shows an
increased  and  hypsochromically  shifted  fluorescence
bound to CB7.32

This method was now also explored with the mixed-ligand
shell protected AuNPs. The resulting fluorescence spectra
showed a clear decrease in fluorescence intensity  with
increasing amounts  of AMADA-Put-functionalized AuNPs  (Fig.
3 and Fig. S9-510 in the ESIT), which is in accordance with a

when

AuNP  concentration-dependent  extraction of CB7  from
solution. Moreover, the fluorescence intensity after incubation
with an excess of AuNPs coincided with the intensity of AQ in
absence of CB7, which is consistent with complete extraction
of CB7 from solution with excess AuNPs. Additionally, TEG-
AuNPs  without accessible surface carboxylate groups and
AuNPs, which were incubated with AMADA-Put in the absence
of the amide coupling reagent EDC, were also tested. These
control experiments indicated no extraction of CB7 and thus
extlude any unspecific binding of CB7 to the mixed-ligand shell

protected AuNPs.

The linear dependence of the fluorescence intensity on the
volume of added AuNP stock solution allows determining the
number of accessible surface groups according to the following
equation:

Accessible Ligand Density = oA
Cccesslble Ligan ensiwyy = ——————
g Y o —b) oA
Therein, [CB7] is the CB7 concentration and V the total
volume during incubation of CB7 with the AMADA-Put-

modified AuNPs (here: 200 pM and 24 pl), a is the slope and b
the y- intercept of the initial linear decrease in the titration
plots, I, the fluorescence intensity of AO in absence of CB7, ¢
the stock concentration of the particles (molfl) determined by
UV-yis absorption spectroscopy, and A the total surface area of
all particles {nm32).

Overall, the results from the supramolecular CB7 assay
(Table 1) were in line with a decreasing amount of reactive
surface functional carboxylate groups with increasing amounts
of unreactive MPS or TEG on the nanoparticle surface. The
ligand density of AMADA-Put as determined with
the CB7 assay was ca. 0.18 ligands/nm2, which falls below the
value of 048 ligands/nm? determined for  self-assembled
monglayers of CB7 or the comparably sized Gcyclodextrin on
planar  gold surfaces.® 2 This can be rationalized by
considering that the surface is first functionalized with the
much smaller AMADA-Put ligand and then by adding CB7. This
affords the possibility that two AMADA-Put ligands are so close
that binding of CB7 to both AMADA-Put is prevented by
sterical reasons.

maximum
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Interestingly, a striking difference was revesled when the
dependence of the accessible ligand density on the molar
fraction and on the ligand density of the carboxylic acid
surface groups were compared for the mixed MPA/MPS and
MUA/TEG monolayers by the CB7 assay (Fig. 4). This indicated
that the amount of surface-coupled AMADA-Put/CB7 complex
was significantly decreased with only ca. 3% of TEG, whereas
up to 20% of uynreactive MPS had no measureable influence on
the accessible surface ligand density in MPA/MPS-AuNPs.

A potential reason for this difference is the length of the TEG
ligand in combination with its folded mushroom conformation,
which could prevent access of the EDC coupling reagent to
MUA surface carboxylic acid groups.®>% In addition, a different
capability of the two series to form (nano)domains on the

surface  of mixed-ligand shell protected AuNPs may play a
role s Since the sterically demanding AMADA-Put/CB7

complex occupies a much larger surface area than the ligands,
randomly distributed unreactive ligands would not reduce the
resulting  surface coverage significantly, whereas unreactive
ligands organized in small domains would create ynreactive
patches on the AuNP surface thus leading to a reduced
accessible ligand density.
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Fig. 4 Dependence of the accessible ligand density on a) the mole fraction and b) the
ligand density of reactive surface carboxylate groups in mixed ligand-protected
MPA/MPS-AuNPs (open circles) and MUA/TEG-AuNPs (filled circles).

Conclusions

In conclusion, we have evaluated herein a transition metal-
based and a supramolecular method to probe the surface of
mixed monglayers on  MPA/MPS and MUA/TEG-AuNPs. The
colorimetric  NIPY  assay revealed that the amount of surface-
bound N2+ was in excellent correlation with the surface ligand
density of negatively charged MPA, MPS, or MUA surface
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groups as determined by quantitative M NMR. Furthermore,
the supramolecular CB7 assay easily revealed the accessible
ligand density of reactive surface carboxylic acid groups and
presents 3 simple fluorescence-based method to probe the
surface structure of mixed monolayer particles. Overall, it has
been recently pointed out that particle surface are often not
well characterized, ™ and in particular, attempts to relate the
number of total functional groups to the number of accessible
functional groups are still very rare3L 71 The latter have,
however, a demonstrated potential to reveal so far missing
structure-function relationships of nanomaterials.’= 7
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10.3.3 Gold Nanoparticles-Based Colorimetric Sensing

Gold Nanoparticle Aggregation Enables Colorimetric Sensing
Assays for Enzymatic Decarboxylation

Mohamed Nilam, Andreas Hennig, Werner M. Nay and Khaleel |. Assaf

Monitoring enzymatic processes is of fundamental importance for
the understanding of the associated biological phenomena. In this
work, we show that amino acid decarboxylase activity can be
readily monitored by a colorimetric assay with gold nanoparticles
(AuMPs), which undergo selective product-induced AuNPs
aggregation. Once the carboxylate group is eliminated, the
resulting diamine products trigger AuNPs aggregation, leading to a
significant color change. Furthermaore, the new method provides a
rapid way for potential inhibitor screening.

Development of highly sensitive assays for the determination
of enzymatic activities is of fundamental importance. Gold
nanoparticles  (AuNPs) have recently emerged as  nowvel
sensors.! They have been used for the detection of small
molecules,® proteins® DNA* and metal ions® AuMP-based
colorimetric assays are built on the unigue phenomencn that
leads to a gplor change from red to blue when ApMPs
aggregate® The golor change can be easily detected by naked
eye. The extremely high extinction coefficients of AuNPs make
them highly sensitive, such that they can be used in nanomolar
concentrations.” AuMPs have shown potential applications for
monitoring  enzymatic  activity and screening of inhibitors.®
Guarise and coworkers have developed an assay to study
protease activity based on cysteine containing short peptides
at the ends, which lead to AuMPs aggregation, while the
cleaved peptides are unable to induce aggregation® Similarly,
a new assay was dewveloped to investigate the activity of
phosphataze * The remowval of the phosphate group from
short peptides was triggerad by the aggregation caused by the
resulting  dephosphorylated peptides. The activity of L34
dihydrowyphenylalanine  (L-Dppa)  decarbowylase  has  recently
been studied® Contrary to native L-Dopa, the resulting
dopamine was able to induce AUNPs aggregation; therefore,
the reaction was monitored by the golor change. Herein, we
have investigated the enzymatic activity of lysine and histiding

decarbowylases (LDC and HDC) using citrate-AphPs. Despite
the known examples, which provided proof-of-principle,
potential assay applications would reguire improved responses
which we now tried to achieve through an  optimized
molecular design. In particular, we reasoned that the best
aggregation response should be achieved with diamines, with

two  interaction  sites, which could act  as  ideal
internancbarticle  bridges.®  Accordingly, the amino acid
gecarbooyation  reactions can be monitored with  gdigming
products-induced AuNE aggregation (Scheme 1).
o enzyme €O,
R T)L _ /——-\{ ot
o decarboxylation R Thiy

i, cadaverine

Le s
R=  _NH af‘ R" WM
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Scheme 1. Assay  principle  illustrating  the  colorimetric
response of AuNFs in the course of enzymatic decarboxylase
reaction.

The AuMPs aggregation is indicated by an instant red to
blue gelor change. As the golor change depends on the
product concentration, this method enables both guantitative
and qualitative analyses. Decarbowylatipn reactions play an
important role in many diverse biochemical pathways in both
plants and animals.®® In particular, they represent a
biosynthetic pathway for the production of polyamines, which
are essential in many biological processes eg., in cell growth
and differentiation, as well as in cancer development.l? Their
enzymatic reactions have been previously followed by
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laborious mangmetric, radiometric® or multistep
colorimetric  methods,®  which  are  unsuitable  for  high-
throughput screening. In our laboratory, we have developed
sensitive fluorescence-based assays for a real-time monitoring
of the enzymatic activity of decarbowylases.® The assays are
based on the reversible supramolecular host-guest
complexation between a fluorescent dye and a macrocyclic
host, which is accompanied by a change of the dye fluorescent
properties.’® In the course of an enzymatic reaction, the
production of a strong competitor (product] leads to a
displacement of the dye from the host with an instant
fluorescence response. The use of AuMPs provides, compared
to alternative, a convenient and simple colorimertic response
for monitoring enzymatic activity.
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Left: Absorption spectral changes of AuNPs (1 nM) with the
substrate and the product in 10 mM sodium phosphate buffer
[pH B.5). Right: Dependence of the ratio of the absorbance
values at 520 and 650 nm on substrate and the product
concentration.

AuMPs were synthesized by citrate-mediated reduction of
HAWCl, citrate®* 15 in agueous solution (see ESI) 55 17 5217 52, 17 5=,
7 %= 1 and were characterized by wsing UV-Vis and DLS [see
ESl, Fig. 51). The prepared AuNPs showed a maximum
absorption at 520 nm and a size of 15 nm. [Diamines
[cadavering and histaming) were found to completely form
AuNPs aggregates at low micromolar concentrations (Figure 1],
while the parent amino acids (lysine and histiging) did not
cause any significant aggregation at such low  micromolar
concentrations, due to the shielding of the amino group by the
adjacent carboxylate group. Considerable aggregation occurs
only at millimglar concentrations of the amino acid substrate
[see ESI, Fig. 52.and Fig. 55). For example, AuNPs start to
aggregate at 2 uM cadavering, while at this concentration of
lysine no aggregation was observed (Figure 1a.lb). With
histaming, the AupNPs start to aggregate at submicromaolar

concentrations and fully aggregate with dark blue ggler at 20

pM; again no aggregation was observed for hisfiding at such
low micromolar concentrations (Figure 1cld).

The aggregation was further supported by DLS data. The
size of the dispersed AuNPs changes from 15 nm to = 100 nm
with the diamines (ESl, Fig. 54_and Fig. 57). The absorbance
ratio of 650 and 520 nm, AG50/520, as a function of the
substrate and product concentration is shown in Figure 1. This
clearly demonstrates that the substrate and the product affect
the AuMPs differently, such that the enzymatic decarbowylation
reaction can be monitored colorimetrically using the AuNFs. In
contrast  to  the previously reported assay  for  L-Dopa
decarbowylase, our assay showed a much higher sensitivity, in
which  the decabowylation products induced a complete
aggregation at wery low micromolar concentrations, while for
the monoamine doparmine, a much higher concentration was
reguired (ca. 200 wM).2 This demonstrates that the design
principle, involving diamines as products, is essential to obtain
functional assays. The limits of detection (LOD) for gadavering
and histamine were determined as 25 and 095 pM,
respectively. These wvalues comparable to alternative
functional assays. 1. 13

are
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Fleure, 2, Exper ith.. vsi n
Left: Colorimetric enzyme assay using AUNPs (1 pM) in 10 mM
sodium phosphate buffer (pH 65), 1 mM amino acid, 200 pg
ml~* enzyme, and 0.1 mM FLP. Right: Dependence of the ratio
of the absorbance values at 520 and 650 nm on reaction time.
Changes in the AUNPS color with reaction time ().

Lysine and histidine decarbowylases. LDC and HDC, have
been tested as representative amino acid  decarbowydases.
Experimentally, a typical reaction mixture containing 10 mM
phosphate buffer (pH 6.5), 1 mM aminc acid, 0.1 mM pyridoxal
5'-phosphate (PLP) as a cofactor,®® and 200 pg mi™ gnzyme,
was prepared and kept at 37 "C. To monitor the enzymatic
reaction, aliguots from the mixture were taken (40 pl for LDC
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or 4 pl of HDC) at given reaction time, added into a 2-ml
solution of the AuNPs (concentration 1 pM), and incubated for
3-5 minutes before UV-Vis absorption measurements  were
recorded. In the course of the enzymatic reaction, the original
peak at 520 nm of the AyNFs broadened, a new peak at ~700

nm appeared (Figure 2agc], and the golor changed
progressively from red to blue (Figure 2e). Under these
experimental conditions, neither the enzyme nor the PLP

coenzyme stabilize or destabilize the AuMPs, only at wery high
concentrations the enzyme makes the AuNPs less sensitive to
aggregation. The ratio ABS0/520 as a function of reaction time
is shown in Figure 2. The LDC reaction was almost complete
after 60 minutes (Figure 2b), and that of HDC after 30 minutes
(Figure 2d). The walues of ABS0/520 can be converted to
product concentrations according to the calibration curves
shown in Figures 1b and 1d.

We further tested the reaction at different substrate
concentrations (Figure 3). For example, the LDC reaction was
studied at different lysine concentrations (0.5 - 1.5 mM). As
expected, the reaction was slower at low substrate
concentration (0.5 mM) and fast at higher concentrations (e.g.,
15 mM). The HDC activity was also tested with warious
enzyme concentrations [ESI, Figs. §131:533).

- WP g

T 0 20 30 0 50 w0 7 o0
Tam &/ min

Fleure 3. a) Colorimetric enzyme assay for LDC using AulPs (1
o) in 10 mM sodium phosphate buffer (pH B.5), at different
lysine concentrations, 200 pg mi LDC, and 0.1 mM PLP. b)
Colorimetric enzyme assay for LDC using AuMPs (1 pM) in 10
mh sodium phosphate buffer (pH 65), 1 mM lysing, 200 pg
mL* HDC, and 0.1 mM PLF, with and without inhibitor (DL-
alpha-giflupramethylarnithine).

The developed assay can also be used to investigate
enzyme  inhibitors.  Dl-alpha-gdiflupromethylornithing. a  well-
known inhibitor for LDC® was tested as an example [Figure
3b). The enzyme was incubated with 50 pM  Dl-alpha-
diflupromethylornithing for 10 minutes at 37 °C, lysine was
added, and the reaction was followed by UV-Vis in the same
manner as for the uninhibited reaction. As expected, for an
efficient inhibition, no significant golor change was observed
after 60 minutes (Figure 3b), with 65% inhibition in agreement
with the reported [CS50 value.®

EREEE ]
Tim &/ min

Conclusions

In summary through an optimized molecular design, we
introduce a simple, quick, and economic assay to monitor
enzymatic decarbowylation reactions. The assay was applied

for histidine and lysine decarbowylases, and can also be
adapted for argining, ornithing, and other decarbowylases. The
parent amino acids had no effect on the AuMPs, while the
resulting digmine products induced AuNPs aggregation with a
visible golpr change from red to blue. A remarkable decrease
in the enzyme activity was observed in the presence of an
inhibitor, allowing for potential inhibitor screening.
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10.3.4 Host-Guest Complexation Affects Perylene-Based Dye
Aggregation

Host-Guest Complexation Affects Pervlene-Based Dye Aggregation

Mohamed Nilam, Chusen Huang, Shreva Kammacharva, Gvan H. Arval, Liming Huang,
Wemmer M. Nau and Khaleel I. Assaf

A fluorescent pervlene-based dve (PDI) was designed with two aromatic moieties at the imide
position of the pervlene core. The dve displaved contrasting behaviour with water-solube
macrocvcles. Cucurbit[m]urils (CB7 and CBR) reduced the self-aggregation of the dve
molecules, while sulfonatocalixarenes (SCX4 and SCX?5) and sulfonato-y-cvclodextrin (S-f-
CD) resulted in a complexation-enhanced aggrgation. In regard to potential applications, the
CBE+PDI complex served as an excellent reporter pair inside cells to detect the uptake of
neurotransmitters by fluorescence.

Introduction

Pervlene diimides (PDIs) serve as building blocks for the development of functional
materials.! PDI dves have excellent absorption and fluorescent properties as well as
outstanding thermal and photochemical stability? PDIs are wellknown for the
formation of H- or J-type aggregates in aqueous solution? Water-soluble PDIs have
been studied in several lines of research, such as for biomedical as well as
optoelectronic applications®® and the construction of supramolecular architectures.” In
water, however, even when hydrophilic groups are attached to the PDI core® the dves
tend to form aggregates through m-m stacking in water, invariably resulting in an
undesirable fluorescence quenching® and limiting their practical value, e.g.. in confocal
MiCroscopy.

Among the hvdrophilic groups tested have been ilonic groups, such as catmn.ic
ammonium as well as anionic carboxvlate sulfonate and groups,!
non-ionic residues such as le,xgl,xggggl_ polvethvlene glvcol,'* and entire Qm@;%g
Recentlv, supramolecular hgsi-guest complexation has been successfullv used as an
altemative, noncovalent method to inhibit aggregation of PDIs in water by usmg
water-soluble macrocycles. such as  cucurbit[nlurls (CBm)'*2 or

(CDs).2l  Specifically, complexatmn of PDI derivatives by CBE suppresses their
aggregation and enhances their fluorescence through the formation of stable host-guest
complexes in aqueous solution.'*!* In contrast to CBS8-based inclusion complex
formation. other macrocycles. such as calixarenes (CXs) are kmown to enhance
aggregation of PDI dyes in water.=-

Herein. we have investigated the aggregation behaviour of a PDI dye with different

macrocycles, such as CBn (CB7 and CBS). sulfonatocalixarenes (SCX4 and SCX3). B-
and y-CD, and sulfonato-B-CD (S-B-CD), see Scheme 1. The binding of the analytes
with different host molecules and the photophysical properties of the host-guest
complexes were investigated by UV-visible and fluorescence spectroscopy, 'H NMR
spectroscopy, isothermal titration calonmetry (ITC)., and dvnamic light scattering
(DLS). Further, we have performed associative binding assavs inside cells with the
CBE&+PDI reporter pair and studied the uptake of selected neurotransmitters
(tryvptamine, tryptophanamide, and serotonin).
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Cucurbiturils (CBn) Cyclodextrins (CDs) Sulfonatocalixarenes (SCXn)

2:1 complex
(no aggregates)

PDI dye aggregates

Large host-dye aggregates

Scheme 1. Chemical and cartoon representations of the PDI dye, the investigated macrocyclic
hosts, and potential binding modes with different hosts.
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Results and discussion

!H NMR experiments were performed to establish the formation of host-guest
complexes with the different macrocvcles in aqueous solution. SCX4 and SCXS35, B-
and 7-CD, as well as S-p-CD, produced no obvious complexation-induced 'H NMR
shifts (Fig. 53 in ESIf), and the aggregation of PDI remained unchanged or increased
slightly (as demonstrated by optical spectroscopy, see below).2® The smallest
homologue, CB6, did not interact significantly with PDI either, as reflected by
insignificant changes in the 'H NMR of PDI in the presence of CB6. In contrast, the
addition of CB7 to PDI in D;0O led to complexation-induced chemical shifts, namely,
the methvl protons (H9) and toluene protons (H7.8) shifted up-field and the pervlene
protons (H1.2) down-field (Fig. 1). The former indicated the encapsulation of the
toluene residue inside the cavity of CB72* while the latter effect indicated the
deaggregation of PDIZ® 2% It is also expected that the ammonium groups are positioned
near the carbonyl ponals= on account of strong ion-dipole interactions, which leads us
to the structural a551gnment shown in Fig. 1. Previous studies had shown that the
intermediary CB7 cavity is too small to accommodate the pervlene core 1tself1”
However, the next la_rger CB homologue, CBE, allowed a deep

immersion of PDI, signaled by a large downfield shift of the protons of the

pervlene-core (Fig. WM The downfield shift is therefore a direct indicator
of an effective deaggregation of PDL
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Fig, 1 '"H NMR spectra ofa) 0.5 mM PDI and b) dve 0.5 mM PDI with 1.0 mM CB7 in D20.

The enca?su_[ati.on of the PDI inside a macrocycle cavity affects its photophyvsical
properties,**** which was studied by using MVSUQL@ and fluorescence spectroscopy.
The addition of CB7 to an aqueous solution of PDI (up to 5 gM} did not change the
absorption, while higher concentrations (= 5 uM) resulted in a m and
hypsochromic shift from 538 nm to 333 nm, with multiple ispshestic points. These
changes are characterstic for the monomeric form (Fig. 2a). The a.cidition of CBT (3
uM) to PDI also increased its fluorescence emission (Fig. 2b). The quantum vield of
PDI in water (g =0.01; thodamine 6G was used as reference with g = 0.95 in water”)
was markedly enhanced upon complexation with CB7 (0.531 = 0.01). In contrast,
complexation of PDI by CBE resulted in a gradual increase in its maximum absorption
around 330 nm (Fig. 2c¢). This is consistent with dve deaggregation, which was
confirmed bv the similarity with the UV-visible absorption spectra of PDI in methanol,
where the dve exists in its deaggregated form (see ESIT). The fluorescence intensitv of
PDI increased upon the addition of CBE as well, accompanied bv a sizable
bathochromic shift (from 547 to 3537 nm). The guantum vield of the CBE«PDI complex
in water was found to be wirtually quantitative (0.91 = 0.01), in agreement with the
observed trend for another PDI dve derivative!® This result indicated that CBS
monomerizes PDI  very efficlently in water by Thost-guest complexation. The
complexation of PDI with the (By Imacrocycles was further investizated by
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electrospray, ionization mass spectrometry (see ESIT). which revealed 1:1 and 2:1
complexes as viable stoichiometries in the gas phase with both, CB7 and CBE&.

=
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Fig. 2 Absorption (a.c) and fluorescence (b.d. Ja; = 500 nm) spectra of PDI in water (5.0
uM) upon addition of CB7 (a.b) and CBE (c.d). The corresponding titration curves are shown
in the insets.

For comparison, we investigated the complexation of PDI with other families of
water-soluble macrocyclic hosts. The addition of the negativelv charged sulfonate-
calizarengs (SCX4 and SCX35) resulted in a considerable reduction and broaden.ing of
the absorption bands and a complete quenchlng of the fluorescence emission, which
suggested complexation-induced aggregation (Fig. S7 in ESIT).2? The absorption band
at 538 nm was bathochromically shifted to 560 nm in the presence of SCX4 or SCX5
as well as of 5-B-CD. which demonstrated an increased electronic coupling of the PDI
chmmophore 2.3 Job's plot analysis revealed higher-order hpsi-guest binding

ies of the PDI complexes with the negatively charged host molecules ((Flg
59 in ESIT ) reminiscent of the interactions of a pervlene dye and thiazole orange--: <
For comparison, the addition of native CDs resulted in 1n51gmﬁca.r1t binding wnh. PDI
(B-CD) or with a very low association constant (K, =48 =6 M), see Fig. S8.in ESIT.
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Fig., 3 ITC isotherms for the titration of a) CB7 (300 into 30 uM PDI and b) PDI (400
uM) into 40 uM CBE in water at 25 "C. Note that the titration in b) is a reverse one due to the
limited solubility of uncomplexed CBE.

Isothermal titration calorimetry (ITC) expen'ments were performed with PDI as
guest and CB7 and CBE8 as host molecules in aqueous solution. The data (Fig. 3)
verified the postulated 2:1 binding m%@g;gfgggg and ITC experiments afforded
binding constants of Ky = (13 = 0.9) x 10° M and Ko = (4.7 = 1.7) x 10° M with
CB7 and K = (3.5 £ 25) = 105 M and Koo = (52 = 1.6) x 10° M with CBS.
Compared to a previously published dye with only one aromatic ring attached to the
perylene core!® % or only a pervlene core, ! the effective binding affinity (K Ko =
1012 M) is higher with two aromatic ring attached to the perylene core.
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Table 1. Hvdrodvnamic diameter® of PDI and its assemblies with different host molecules.

Macrocycle Hydrodynamic diameter (nm})
none 444
CB& 0
CB7 70
B-CD 394
v-CD 319
SCX4 1128
SCX5 1578
S5-p-CD 2902

2Error as standard deviation is 10%, excess host was added to ensure the complexation.

We further evaluated the aggregation/deaggregation of PDI in the presence and
absence of the investigated host molecules via dynamic light scattering (DLS).
Addition of CBn decreased the hvdrodvnamic diameter (Table 1) indicating the partial
(CB7) or complete (CB8) disassembly of the PDI aggregates. The parent CDs showed
a slight reduction in hvdrodvnamic diameter. In contrast, the anionic macrocvcles 5-f-
CD, SCX4, and SCX5 resulted in higher hvdrodvnamic diameters compared to free
PDI. This clearlv indicated that these hosts increased the aggregation process,
presumably by electrostatic interactions, which reduces Coulombic repulsion in the
stacked dve aggregates (see Scheme 1).30-32

Fig. 4. Fluorescence microscopy image of CHO-K1 cells incubated with 5 uM of PDI and
25 uM CBE at ambient temperature for 30 minutes (left) before and (right) after addition of
25 uM tryptamine.

diameter. In contrast, the anionic macrocveles S-f-CD, SCX4, and SCX35 resulted in
higher hvdrodvnamic diameters compared to free PDI This clearly indicated that these
hosts increased the aggregation process, presumably by electrostatic interactions,
which reduces Coulombic repulsion in the stacked dve aggregates (see Scheme 1)30-32

The stoichiometric nature of the CBE8«PDI (2:1) complexes allows their use as
reporter pairs in chemo- and bio-sensing applications, such as supramolecular tandem
membrane assays.®?** Accordingly, we developed a robust and convenient fluorescent
assay to monitor the uptake of neurotransmitters (trvptamine, trvptophanamide, and
serotonin) into cells. This application presents an example of tandem membrane assay
in an associative variant (formation of a temary complex)’®*! Note that the larger
cavity of CB8 is known to be capable of complesing two aromatic molecules*? such
that the CBE'PDI complex should allow subsequent binding of an aromatic analyte
into the residual cavity space. leading to a mnet fluorescence quenching*® The
complexation of neurotransmitters such as trvptamine, tryvptophanamide, and serotonin,
which had previouslv been shown to have micromolar affinity to CBS8sperviene
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complexes * was first shown to be transferable to the CB8+PDI complexes in aqueous

solution, see ESIT, with the expected switch-off response upon analvte addition. CHO-
K1 cells were subsequently incubated by CB8+PDI and the uptake of neurotransmitters
was monitored by fluorescence microscopy (Fig. 4). In detail, the uptake of the
neurotransmitter into the cells that had been pre-incubated with CB8+PDI reporter pair
resulted in an effective fluorescence quenching. Incubation of cells with PDI onlv
showed weak fluorescence, demonstrating that CBE& is required for effective PDI
uptake (Fig. 4 and Fig. §10.in.the ESIT). In the fluorescence microscopv experiment,
the CBE«PDI comﬁ)lex showed excellent photostability, as expected from related

CBnrdye complexes. 1

Conclusions

In  summary, we  have investigated the  host-guest complexatlon and
aggregation/ deaggregmon behaviour of a PBI dve as chromophore in agueous solution
with several molecular receptors. Only CB7 and CBS8 reduced the g;LﬁV@gggggm of
PDI in water markedly, with concomitant significant changes in its photophysical
properties.  Negatively  charged host molecules led to complexation-induced
aggregation. We demonstrated the practical use of the resulting CBEsPDI complex to a
sensing and assaving application, namely the uptake of neurotransmitters into CHO
cells.

Experimental section

\,'[aterlwd methods, All chemicals except PDI were obtained from Sigma-Aldrich

. Germany) and used as received. CB8 and CB7 were purchased from Strem
Chemicals (Kehl., Germany) or synthesized according to the literature*®: #7 B-, y-CD
and sulfonated-pf-cvclodextrin were obtained from Cyclolab (Budapest. Hungarvy).
Synthesis_of compound 2, 3.4.9.10-pervlenctetracarboxylic dianhydrde (1) (2.00 g,
3.1 mmel) and N N-dimethvl ethvlenediimide (136 g, 153 mmgpl) were added in 40
ml, of DMF in a round-bottom flask. The mixture was stimed at 80 °C for about 12
hours under nitrogen. The reaction mixture was cooled down to ambient temperature
and precipitated out with excess acetone. The precipitate was filtered using a medium
porosity fritted glass filter and washed with excess acetone. The resulting red solid was
dried at 100 °C in a vacuum oven ovemight to vield 2.63 g of product 2 ({97% wield).
'H-NMR (400 MHz, CF;COOD): § 899 (d, /= 80 Hz, —1H) 891 (d, J = 8 Hz, 4H).
490 (br. 4H). 3.84 (br. 4H). 3.29 (s, 12H). 1*C-NMR (100 MHz, CF:COOD): &§ 1658,
136.0, 132.8, 129.0, 126.1, 1242, 1213, 38.0, 438, 36.1; MALDI-TOF: m/z = 533.94
[M*H] (galgid. 333.39 for C3;HzgN40O4™).

Svnthesis of PDI Compound 2 (0.10 g, 0.19 mmeol). NMN-diisopropvlethvlamine
(DIEA, 200 pL). and 4-methylbenzyl bromide (1.00 g. 34 mmol) were added to
toluene (15 mlL) in a round-bottom flask. The resulting mixture was stimed at 110 °C
under nitrogen for 48 hours. The reaction mixture was cooled down to ambient
temperature and ethvl acetate was added to form precipitate. A solid was collected
using a centrifuge and washed with excess ethyl acetate. The solid was dried at 110 °C
in a vacuum oven overnight. The resulting solid was re-dissolved in 5 mL of ultra-pure
water and added into an amion (C17) exchange column (Dowex 1-X8, 100-200 mesh,
JT. Baker Chemical Companv). The column was eluted with excess ultra-pure water
and a red solution was collected. The collected red solution was dried using a
Labconco freeze dryer (Freezone 2.3 Liter -84 °C Benchtop) for 24 hours. A total of
0.098 g (0.12 mmol, 63% vield) of product PDI was collected. 'H-NMR (400 MHz,
DMSO-dg): § 9.03 (d, 4H). 8.66 (d. 4H). 7.53 (d, 4H), 7.35 (d. 4H), 4.67 (s, 4H), 4.60
(br, 4H), 3.60 (br, 4H). 3.37 (s, 12H), 2.48 (s, 6H) ppm: PC-NMR (100 MHz, DMSO-
dg): 4 1632, 14006, 1346, 1334, 1299, 1253, 1247, 1231, 675, 604, 497, 342,
213 ppm: MALDI-TOF: m/z = 744.99 [M]** + 2H (calc’d. 744.90 for CssHssN4O427).
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Spectroscopic measurements. Absorbance measurements were performed with a Varan
Carrv 4000 spectrophotometer. Fluorescent measurements were camied out with
Varian Camry Eclipse spectrofluorometer. All  spectroscopic measurements were
performed in 3.5 mlL quartz glass cuvette (Hellma Analytics. Millheim. Germany).
Hvdrodynamic diameter was analvsed by dynamic light scattering (DLS) with a
Malvern Zetasizer nano ZS. Fluorescence microscopy images were captured by a Zeiss
Axigvert 200 with a BP 346/LP 3590 filter set through an Evolution QEi Media
Cybematics camera by using a 40x objective, and processed with [magel] 1.47d
(National Institute of Health USA). ITC experiments were performed with VP-ITC
form Microcal Inc. (Northampton, MA, USA) at 25 °C.

Cell experiments, CHO-K1 cells (hamster Chinese ovary) were grown on a 6-well plate
in F-12 Ham medium and incubated in a humidified 37 °C, 3% CO; incubator (herein,
the cell concentration was not calculated but the concentration was the same for all 6
plates). Cells were attached ovemight (for about 12 hours, when there were about 80%
confluent cells in each well) and washed with DPBS three times. Then, 1 mL of
paraformaldehvde (PFA. 4%) was loaded into each well and kept for 30 minutes. The
cells were washed with PBS buffer for three times, subsequently incubated with 5 uM
PDI and 25 pM CBS8 for 30 minutes at ambient temperature, and then washed with
PBS buffer. Neurotransmitter was then added to the cells and fluorescence microscopv
images were recorded. As a control experiment. 5 pM dye (without host) was loaded
inside cell by incubation for 30 minutes at ambient temperature and then washed with
PES buffer.
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Host-Guest Complexation Affects Perylene-Based Dye Aggregation
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Fie, 81 Chemical structures of the investizated host molecules.
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Determination of Fluorescence Quantum Yield

The fluorescence quantum vields of the complex ($cps.pp1) was determined according to
literature.! In brief, the integrated peak area of the fluorescence emission of the CB8+PDI
complex (Jces.ppr) and the standard (J;) as well as their respective absorbance values at the
excitation wavelength (dcgs.ppr and 4;;) were entered in the below equation, which contained
the quantum yield of the standard (¢,;) as reference.

& - @ Iepa ppr * As:
ceappr = Fse X
st * AcBR.PDI

Rhodamine 6G was used as standard with g5 = 0.95 in water. Cormrection curves for the
fluorescence measurements were obtained with a dve kit certified by the Federal Institute for
Material Research and Testing (BAM, Germany).2

K i el 7
o0 Taa ol
%_/L\_,;N o;" P {\:_g 4 35 CH,

586

5,6

b)

7.8
3.4

8.5 7.0 5.5 4.0 2.5 1.0

Fig. 52, 'H NMR spectra in D70 for a) 0.5 mM PDI and 1.0 mM CBS (the solubilitv of CB8
increased upon addition of PDI) and b) 0.5 mM PDI only.
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Fie.53. ‘H NMR spectra in D:0 for a) 0.5 mM PDI onlv. ) 0.5 mM PDI and 0.5 mM SCX4,
c) 0.5 mM PDI and 0.5 mM S-B-CD, d) 0.5 mM PDI and 0.5 mM ¢-CD, and e) 0.5 mM
PDI and 0.5 mM (-CD.
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Fig, 85. ESI-MS (positive) spectrum of CB7+PDI. Signals at m/z of 952.7, 11855, and
15344 comrespond to [CB7+PDI)*", [CB7-Na]*, and [2CB7-PDI]*", respectively.
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Fig. 86. ESI-MS (positive) spectum of CBS+PDI. Signals at m/z of 417.1, 687.3, 10339,

1351.6. and 1700.5 comespond to [PDIJ*, [CB8-2Na]**, [CES-PDI}*, [CB&-Na]®, and
[2CB&+PDI]**, respectively.
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Fig, 87. Absorption (a. c. e) and fluorescence (b, d. f. Joze =
(3.0 uM) upon addition of SCX4 (a, b), SCX5 (c, d) a.tld S-
titration curves are shown in the insets.
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Fig. S8. Absorption and fluorescence spectra of PDI (3.0 uM) upon addition of 7-CD
a) absorption spectra b) fluorescence spectra (fes = 300 nm). The comresponding titration
curves are shown in the insets.
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S10. Fluorescence microscopy images of CHO-Klcells incubated with 3 uM PDI and
2> uM CBE at ambient temperature for 30 min a) before and b) after addition of 350 ulM
tryptophanamide, c) before and d) after the addition of 200 uM serotonin, and e) dve only
without CB§ and without analyte (weak fluorescence).
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Fig. S12. Optical response of CB&PDI (25 uM CBE_ 5 uM PDI) upon the addition of two
different analvies. a) absorption and b) fluorescence spectra upon addition of 100 pM
tryptamine (an associative binding is proposed) and c) absorption, d) fluorescence spectra
upon addition of 40 uM adamantvlamine (a displacement of PDI is proposed).
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Fig, 816. BC_NMR spectra of PDIin DMSO-de.
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Fig. 817. MALDI mass of 2 in methanol using 2_3-dihydroxybenzoic acid (DHB) as a matrix.
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Fig, 818. MALDI mass of PDI in methanol using 2_3-dihydroxybenzoic acid (DHB) as a
matrix (M2 + 2H): observed 744.99 Da, calculated mass 744 .90 Da.
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