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Abstract

Polymer nanoparticles (PNP) are increasingly used as tools in (bio)analytics. Typical appli-
cations of PNP include carriers for drugs, carriers for dye molecules for signal amplification
in optical assays, nanosensors and targeted probes for bioimaging studies. These applications
in life sciences impose stringent requirements on particle size, size distribution, morphology,
colloidal stability, biocompatibility, optical properties, and ease of surface functionalization
with, for example, targeting ligands, sensor molecules, and linkers.

PNP, including the polystyrene particles (PSP) which are in the focus of this work, are
non-fluorescent by nature but can be made fluorescent with the aid of luminophores such
as organic dyes. Fluorescent PNP can be obtained by coupling reactive fluorophores to the
surface groups of the PNP or by encapsulation of fluorophores into the PNP matrix. The
latter approach is particularly attractive due to its versatility since the encapsulation into
preformed PNP does not require luminophores with reactive functional groups (FGs), but
rather only requires hydrophobic luminophores. Moreover, the fluorophores are protected
from the potentially fluorescence quenching environment surrounding the PNP matrix and
the reactive groups on the PNP surface can be exclusively used for the attachment of targeting
ligands. Dye loading of PNP typically requires a dye-specific optimization of the loading
concentration with respect to signal strength as conventional dyes commonly form barely
emissive or even non-fluorescent aggregates at high loading concentrations. Exceptions exist,
which are dyes with propeller-like groups that show aggregation-induced emission (AIE).
These dyes can be loaded with high concentrations into PNP without detrimental fluorescence
quenching effects and can even exhibit fluorescence and hence signal amplification upon
aggregation. Due to these attractive properties, AIE dyes for use in PNP were investigated.
The spectroscopic properties of different AIE dye derivatives were systematically studied
in organic solvents, solvent—water mixtures, and in the solid state. Dyes with optimal
performance were entrapped in PSP. The staining of PSP with these AIE dyes resulted in
a considerable increase in the dye fluorescence quantum yield and lifetime, reflecting the
combined influence of the restricted molecular motion and the reduced polarity of the dye
microenvironment.

Functionalization of undoped and dye loaded PNP with, for example, targeting ligands re-
quires knowledge of the chemical nature and total amount of the surface groups as well as
the amount of surface FGs accessible for coupling reactions such as the conjugation of bio-
molecules. These numbers can differ considerably depending on factors including particle

morphology and sterical constraints. Ideal methods for surface group quantification should
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be robust, reliable, and fast. Moreover, they should not require expensive instrumentation
and should be versatile to enable the characterization of a broad variety of particle systems
independent of their optical properties, including systems that scatter or include systems with
encoded dyes. For this respect, we studied a variety of optical assays for the quantification
of carboxy and amino surface groups commercial and custom-made particles with varying
surface group densities. We performed these studies using both conventional reporters such
as fluorescein derivatives, Fluram, or IR 797 as well as synthetically customized cleavable
labels. Special emphasis was dedicated to the development of a platform of cleavable and
multimodal labels which consist of a suitable reactive group such as NHS-esters or amine,
a quantitatively cleavable linker such as disulfide, and an optically active moiety such as
2-thiopyridone for optical assays. Conventional reporters are measured when bound to the
particle surface, which renders the resulting optical signals prone to distortions by scattering
and interferences from encoding dyes. In contrast, these cleavable labels can be detected pho-
tometrically or fluorometrically in the supernatant after quantitative cleavage of the linker.
Moreover, the linker unit is designed in such a way that the products of the cleaved linkers
remaining at the particle surface can also be detected optically. In addition, the presence
of a heteroatom such as sulfur, nitrogen or fluorine in the reporter and/or the linker can be
detected by an analytical method relying on a different measurement principle. This allows
for straightforward validation by method comparison with, for instance, ICP-OES. Thereby,
FGs on a broad variety of different particles such as PNP, silica nanoparticles (NPs), and

metal particles can also be quantified.
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Kurzzusammenfassung

Polymernanopartikel (PNP) werden in der Bioanalytik zunehmend als Trigermaterial fiir
Medikamente oder Farbstoffmolekiile, die als Reporter zur Signalverstirkung in optischen
Assays, als Nanosensor oder als Zielsonden fiir die Bildgebung eingesetzt werden, verwendet.
Partikelanwendungen in der Material- und Lebenswissenschaft héngen stark von der Gro-
Be, Groflenverteilung, Form, Dispersionsstabilitét, Biovertréglichkeit, optischen Eigenschaf-
ten sowie der Oberflichenfunktionalisierung mit beispielsweise Zielliganden, Sensormolekiilen
und Linkern, ab.

PNP, im speziellen hier in dieser Arbeit Polystyrolpartikel (PSP), sind von Natur aus nicht
emissiv, durch Anbindung von reaktiven Farbstoffen an den Oberflichenfunktionsgruppen
oder durch Einlagerung von Farbstoffen in die Polymermatrix kénnen dennoch fluoreszieren-
de Partikel realisiert werden. Letztere Methode wird vorallem dadurch attraktiv, dass keine
reaktiven Gruppen an den hydrophoben Farbstoffen notwendig sind. Aulerdem kénnen die
Farbstoffe in der Polymermatrix vor der Partikelumgebung und vor Emissionsausléschungen
geschiitzt werden und die Oberflichenfunktionsgruppen stehen fiir anderweitige Anbindun-
gen von Zielliganden zu Verfiigung. Die Einlagerung von Farbstoffen benétigt eine farb-
stoffspezifische Optimierung der Beladungskonzentration, um ein optimales Emissionssignal
zu erhalten. Wahrend konventionelle Farbstoffe beim Einlagern von hohen Konzentratio-
nen wenig bis nicht fluoreszierende Aggregate bilden, kénnen verdrillte bzw. Farbstoffe mit
propellerartigen Gruppen (AIE Farbstoffe), in hohen Konzentrationen in PNP eingelagert
werden. Dabei kommt es statt Ausloschungseffekten zu einer Emissionssignalverstarkung.
Aus diesem Grund wurden in dieser Arbeit verschiedene AIE Farbstoffderivate systematisch
spektroskopisch in organischen Losemitteln, in Losemittel-Wasser Gemischen und als Fest-
stoff untersucht und Farbstoffe mit optimalen Eigenschaften in PSP eingelagert. Eingelagerte
Farbstoffe in PSP zeigen eine erh6éhte Quantenausbeute und eine verldngerte Lebensdauer,
was durch die Kombination der Einschrankung der Molekiilbewegung und der Reduzierung
der Polaritdt in der Farbstoffumgebung erreicht wird.

Die Funktionalisierung von sowohl unbeladenen, als auch mit Farbstoffen beladenen Partikeln
mit zum Beispiel Biomolekiilen, benotigt die Kenntnis der chemischen Natur, der Gesamtan-
zahl an Funktionsgruppen (FGs), sowie der tatsichlich zuganglichen FGs, die fiir anschlie-
Bende Kupplungsreaktionen wichtig sind. Diese Anzahl hingt stark von der Partikelform und
der sterischen Einschrinkung ab. Idealerweise sind die Analysemethoden robust, vertrauens-
wiirdig, schnell, mit kostengilinstigen Instrumenten durchfithrbar und fir eine breite Vielfalt

an Partikelsystemen einsetzbar, unabhéngig von deren optischen Eigenschaften wie Streu-
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ung oder die Anwesenheit von eingelagerten Farbstoffen. In diesem Zusammenhang haben
wir verschiedene konventionelle Reporter wie Fluoresceinderivate, Fluram oder IR797 und
synthetisch angepasste spaltbare Linker fiir die Quantifizierung von kduflich erworbenen so-
wie selbsthergestellten Partikeln mit unterschiedlichen Carboxy und Amin Funktionsdichten
untersucht. Dabei wurde der Fokus auf die Entwicklung spaltbarer multimodaler Linker mit
reaktiven Gruppen wie NHS-Ester oder Amin zur Anbindung an Partikeln, quantitativ ab-
spaltbaren Linkern wie Disulfidbriicken und optisch auslesbarer Einheiten wie 2-Thiopyridon
gesetzt. Im Vergleich zu den konventiellen Reportern, deren direkte Quantifizierung an Parti-
keln durch Partikelstreuung und der eingelagerten Farbstoffe gestort wird, kénnen die spalt-
baren Reporter nach der quantitativen Abspaltung von der Partikeloberfliche im Uberstand
ohne jegliche Stoérung optisch vermessen werden. Auflierdem kénnen die optischen Ergebnis-
se der spaltbaren Linker, wenn sie Heteroatome wie beispielsweise Schwefel, Stickstoff oder
Fluor tragen, mit Hilfe einer etablierten Methode wie ICP-OES validiert werden. Mit der
spaltbaren Linker Methode kénnen auch farbstoffbeladene Partikel problemlos quantifiziert
werden. Weiterhin ist diese Methode nicht nur auf PNP begrenzt, sondern eignet sich auch

fiir die Funktionsgruppenquantifizierung an Silikapartikeln oder Metallpartikeln.



1 Introduction & Motivation

1.1 Introduction to nanoparticles

In general, nanoparticles (NPs) are defined as materials with dimensions smaller than 100 nm.*
One nanometer is one billionth of a meter or equal to ten hydrogen atoms or five silicon atoms
lying in a line.? The history of NPs dates back to thousands of years ago, when Chinese artists
used gold NPs as pigments. The first colloidally stable gold NPs that are stable for almost a
century were prepared and reported by Faraday in 1857.2 Nowadays, there is a vast variety of
NPs. This demands a way of NP classification. Basically, NPs comprise (i) inorganic mate-
rials (e.g. metals, metal chalcogenides and other metal salts, alloys, or semiconductors), (ii)
organic materials (polymers, amphiphilic systems such as micelles or liposomes, or carbon
allotropes),* and (iii) hybrid materials consisting of both inorganic and organic materials. A

more detailed classification of (i) and (ii) is given in ?7?.

bioimagin'g*

solar
concentrator*

carrier

cunstom
goods

Figure 1: Classification of organic and inorganic NPs and some famous examples and their appli-
cations;! poly(vinyl chloride) (PVC), poly(methyl methacrylate) (PMMA), poly(lactic acid) (PLA),
poly(glycolic acid) (PGA) *Copyright by Bundesanstalt fiir Materialforschung und -priifung.



1 Introduction & Motivation

Advanced syntheses make it possible to prepare not only (quasi) spherical NPs,? which is

the most common shape, but also various other shapes such as rods,%7 cages,® cubes,!°

12-14 15,16 17 or tubes,'® etc. The interest in these systems

disks,!! hexagons, prisms, wires,
arises from the combination of nanoscale size with the unique diversity of physical properties
and chemical functionality. NPs can be described as intermediates between bulk materials
and molecules. While micrometer-sized particles show properties that are similar to the re-
spective bulk materials, NPs can exhibit unique properties that are not found in their bulk
forms.'® This includes high surface-to-volume ratios, enabling surface modification with many
different molecules to impart a variety of functionalities and for same materials, also unique
mechanical, thermal, electrical, magnetic, and optical properties. This versatility provides
the basis for a broad range of applications in different areas, such as material sciences, life
sciences, and medicine.! Depending on the desired application, the NP composition can be
chosen to fit its purpose. Particularly, there is a choice between single and multi-composition
to build up NPs. The most common multi-composition material is a spherical core/shell sys-
tem, which consists of a core (inner material) and a shell (outer layer material). Typically, the
core particles are completely coated by a shell of a different material. Different combinations
are possible for such systems. The most interesting organic ones are inorganic/organic and
organic/organic materials. Inorganic/organic core/shell NPs are made of a metal, a metallic
compound, a metal oxide, a semiconductor, or a silica core with a surface stabilizing polymer
shell. An organic shell on an inorganic core has a lot of advantages as it can reduce unspecific
adsorptions, provide stabilization in the suspension media, and increase the biocompatibility
for bioapplications.?’"?2 Organic/organic core/shell NPs are made of a polymer core and a

polymer shell.

The majority of organic NPs are made from polymers. Simple non-crosslinked polymer
nanoparticles (PNP) are considered as agglomerates of polymer chains with nanoscale dimen-
sions and represent the most common organic NP structures used nowadays.! A growing area
of application of PNP is in life sciences. This includes their use as carriers for e.g., analyte-

2325 a5 well as dye molecules for their use as multichromophoric

26-28 29

responsive ligands, drugs

reporters for signal enhancement in optical assays or the fabrication of nanosensors

30,31 One of the main reasons for such a broad

and targeted probes in bioimaging studies.
area of application is their design flexibility which results from the polymer diversity and
enables a plethora of different sizes, morphologies, and surface functionalities, as well as the
synthesis of NPs with structural stability even at dilute concentrations, low production cost,

high resistance and of course low/non-toxicity.?432

Particularly, polystyrene particles (PSP) present an attractive example for an organic/organic
core/shell NPs. PSP can be easily synthesized at low costs with high monodispersity and
good reproducibility. As PSP are non-functionalized NPs, they need functional groups (FGs)
on their surface for their aqueous dispersibility and subsequent functionalization. This can

33,34

be done easily by grafting with a polymer shell with functional groups. Nowadays, or-



1.2 Application relevant properties of PNP

ganic/organic core/shell PSP are commercially available with various surface chemistries and
narrow size distributions in different sizes from 15 nm up to several micrometers and they are
considered as inert and commonly non-toxic.3* 37 Therefore, PSP are attractive materials,

for example, for their use as fluorescent reporters for imaging or bioanalytics.?!

1.2 Application relevant properties of PNP

PNP offer a great versatility. Hence, these particles have various applications in different
areas as described in detail in ??7. Depending on their specific application, differently designed
PNP are desired. PNP composition, size, shape, surface properties including surface FGs,
and surface charge, as well as optical properties can have a considerable impact on their

performance.3

1.2.1 Composition of PNP

PNP can be classified into natural PNP such as chitosan, alginate, gelatin, and albumin
and synthetic PNP such as poly(lactides), poly(lactide-co-glycoside), poly(methyl methacry-
late) (PMMA), polyacrylamide, PSP. While natural PNP vary in purity and have often
lack of consistence that make them less reproducible, synthetic PNP show good purity and
batch-to-batch reproducibility. This characteristic of synthetic polymers favors them clearly
for different PNP applications.?® Synthetic PNP can be divided again into two chemical
composition types. PNP with heteroatomic (—C—X—) backbones such as poly(lactides),
poly(lactide-co-glycoside) copolymers, poly( -caprolactones), and poly(amino acids) are eas-
ily hydrolysable, and thus, biodegradable.?%4! Polymers with carbon-only (—C—C—) back-
bones such as PMMA, polyacrylamide, PSP, and polyacrylates are stable in the body and
non-biodegradable.? Both synthetic PNP compositions are commonly used as carriers for
small molecules, drugs, dyes or biomolecules by incorporating them into the PNP matrix or

attaching them onto the particle surface.*?

1.2.2 Size and size distribution of PNP

Two key parameters of PNP are particle size and size distribution, which determine the basic
physiochemical behavior of the particles (e.g. sedimentation rate) and their surface area.*3
The size of PNP can be influence by material selection and different synthesis methods.
Different examples show that the size of NPs has also a large impact on biological applications.
One example for this was reported by Kulkarni and Feng.** They studied the uptake of PSP
in kidney cells and focused on the size by using non-deformable PSP. While the uptake of
100-200 nm-sized PSP has the highest efficiency, 500 nm PSP are poorly internalized and
small particles are cleared rapidly from the blood via extravasation. Thus, the size of the
PSP influences in this example the uptake. This example shows that 50-200 nm-sized PNP

have the highest potential for in wvivo applications, due to their ability to circulate in the



1 Introduction & Motivation

blood for long periods of time without uptake in the liver while also being small enough
to avoid filtration in the spleen.?®%%46 An ideal NP size for biological applications cannot
be generalized. It is not only size dependent. Additionally, it depends on the cell line, NP

material, surface properties, complexity of the area.?®

1.2.3 Shape of PNP

Typically, PNP are synthesized in a spherical shape, due to physical facts such as surface
tension. However, the synthesis of discs, rods, fibers, and elliptical disks were also reported
and studied for different applications.*”4® The uptake of PNP carriers by target cells and
their degradation are also influenced by their shape.*” Champion and Mitragotri showed
that worm-like particles exhibit insignificant phagocytosis compared to traditional spherical
particles. Thus, due to the change of the particle curvature the application of such biological

processes can be inhibited.*8

1.2.4 Optical properties of PNP (fluorescent PNP)

Depending on particle size, particle concentration and particle refractive index, all kind of
particles can exhibit Raleigh and Mie scattering by interaction with electromagnetic radia-
tion.*® While for the small particles the Rayleigh scattering dominate, for the bigger ones
the Mie scattering affects more. In 7?7 absorbance spectra with the specific scattering profile

of 25 nm — 1 pm-sized PSP in water with identical mass concentrations are depicted.

- PSP-COOH
——25nm
o ——50 nm
— 100 nm
E’ 1.5 200 nm
© 500 nm
2 1000 nm
O 1.0
(72}
0
<
0.5
00 - - — - i

400 600 800 1000
Wavelength [nm]

Figure 2: Absorption spectra of differently sized PSP with their typical scattering profiles with
identical 0.17 mg/mL mass concentration.

Fluorescence-based techniques are promising tools for the analysis of complex biological

systems and processes. While commonly used fluorescent organic dye molecules and flu-
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orescent proteins are small and biocompatible, fluorescent NPs have the potential to be
10-1000 times brighter and more photostable than the former. Additionally, they can be
surface-functionalized with biocompatible molecules,’® and stay in the blood circulation for
an extended period of time, which can be important for specific bioimaging and/or drug
delivery applications. The advantages of fluorescent NPs strongly attract scientists from
biological research fields, but not all NPs are suitable for biological applications.’!%? For
example, quantum dots are perfect candidates for multiplex imaging due to their photo-
stability and narrow emission band; their optical properties are tightly linked to their core
composition and size.?3** Up-conversion NPs can be excited with a low energy, near-infrared
light source and emit higher energy photons in the visible range, which can be beneficial for
deep tissue imaging.?® However, their relatively low brightness in water and possible toxicity
(release of fluoride and lanthanide ions) needs to be considered.?®” PNP, in turn, exhibit
a remarkable stability in biological environments, a well-controlled surface chemistry, and
biocompatibility. Compared to inherently fluorescent quantum dots and up-conversion NPs,
PNP are non-fluorescent, yet can be made emissive by combining them with, for example,

organic dyes.

Non-fluorescent PNP can be used as nm-sized matrices for organic dyes to generate fluo-
rescent NP-based emitters as well as to stabilize less photochemically and chemically stable
NIR dyes to increase their quantum yield. Such a system provides an enormous flexibility in
synthesis, in matrix-dye combinations, and in optical properties which also allows the con-
trol of brightness, absorption and emission wavelength, size (ranging between 15-500 nm),
surface chemistry, etc.’® Furthermore, it offers the opportunity to synthesize multiple exci-

tation/emission PNP by encapsulating more than one type of dye.?”

Fluorescent PNP can be made by attaching reactive fluorophores to the surface FGs of
the PNP or by encapsulation of the fluorophores into the PNP matrix. The advantages,
disadvantages and different synthesis approaches are discribed in ??. For the application of
fluorescent PNP, the brightness which is proportional to the absorption coefficient, quantum
yield, and number of dyes per molecule is a relevant aspect. Important parameters that
influence the brightness are the number of dye molecules, the brightness of the dye itself,
and quenching effects such as reabsorption, dye-dye interactions, and dye-matrix interactions.
Encapsulation of conventional dyes such as rhodamines, cyanines, Nile Red, etc. in high
concentrations leads to self-quenching due to dye-dye interactions and is called aggregation-
caused quenching (ACQ). One example, given by Behnke et al.,>” exhibits the decrease of

quantum yield from 76% to 22% by an increase of the dye loading from 0.05 wt% to 0.8
Wt %.27:59,60
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1.2.4.1 Aggregation induced property changes and aggregation-induced
emission (AIE) PNP

Conventional hydrophobic dyes are often highly fluorescent as monomeric species in organic
dilute solutions. In cases of dye-dye-interactions, which are encouraged in concentrated
solutions and in hydrophilic surroundings,':5? through close attachment of several dyes to a

64,65 or high dye concentrations

biomolecule® or to functional groups on the surface of NPs,
in a polymer matrix,?” the dyes can become less or even non-emissive. The main reason
for ACQ is -7 stacking interactions of the chromophores with their extended m-conjugated
systems®® favoring the formation of H-type dimers and aggregates that are barely or non-
emissive. These dimers can then act as energy sinks for fluorescence resonance energy transfer
(FRET) processes between monomeric dyes and aggregated dyes (so called homo-FRET
between chemically identical dyes).%” Additionally, hydrogen-bonding interactions can also
lead to intermolecular fluorescence quenching, particularly in the case of charge transfer
dyes.68-70

m-m stacking of conventional dyes can be prevented or at least reduced by introducing bulky
aromatic substituents such as diarylamin or tetraphenylethylene groups,%? which prevent
strong 7-7 interactions due to steric hindrance. Tang and coworkers observed a strong
emission enhancement upon dye aggregation behavior for the twisted dye 1-methyl-1,2,3,4,5-
pentaphenylsilole in 2001.”" This opposite phenomenon to ACQ is called aggregation-induced
emission (AIE) and was observed for many dyes with a twisted skeleton conformation and
propeller-like moieties.”®7? In diluted solution, particularly in polar solvents, the monomeric
AIE dyes show very low or even no emission, as non-radiative relaxation processes are fa-
vored due to intramolecular rotations and vibrations of the bulky substituents. Aggregation,
however, results in a rigidization of the dye’s intramolecular conformational flexibility and
the packing structure of the molecule’s propeller blade-like substituents. The completely or
at least partly blocked intramolecular motions of the substituents and the prevented direct
m-7 stacking lead to a blocking of the nonradiative decay pathways of the excited singlet

73776 and thus, increase the dye’s emission.

state,
Since the AIE concept was proposed in 2001, these kinds of dyes received great attention.
Consequently, a variety of AIE dyes have been developed in recent years (see some famous
examples in ??). They can be classified in serval categories according to their skeletons:

7

i) heterocycles such as siloles,”® tetraphenylpyrazines,”” and quinoline-malononitriles;™® ii)

pure carbon aromatics such as distyrylanthracene™ and hexaphenylbenzenes; as well as iii)
ethylene derivatives such as tetraphenylethenes and cyanostilbenes.®°

Fluorophores showing AIE are promising candidates for novel signal enhancement strategies
in bioassays or improved NP-based bioimaging approaches as such dyes enable higher dye
loading densities than conventional ACQ dyes.®!

AIE dyes already found a wide range of applications, and thus the varied reported AIE NPs

syntheses are summarized in ?7. They are used in bioimaging to visualize cells, organelles,
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Figure 3: Recently reported AIE dye skeletons.”5 78

tissues, and biological processes in living systems by rapid, noninvasive, sensitive, and in-
expensive fluorescence imaging.328* Due to their brightness, biocompatibility, and photo-
stability, AIE-based PNP are also applied as contrast agents for long-term staining and as
reporters for cancer cell tracking.6%-%586 They enable the monitoring of cells, depending on
the chosen dye, for up to 42 days. Some selected AIE PNP are also used in photodynamic
therapy due to their reactive oxygen species (ROS) generation efficiency and high in wvitro
photocytotoxicity.?” Various in vivo and in vitro studies reported about the successful use of

AIE NPs as drug delivery systems, for example, for doxorubicin.®

1.2.5 Surface functional groups (FGs) of PNP

One of the key parameters which have to be considered for the synthesis of stable and biocom-
patible core-shell NPs is their surface chemistry.5%%9°1 FGs play a pivotal role in colloidal
stability (aggregation tendency), reactivity (special attention biochemical reactivity), bio-
compatibility, pharmacodynamics, biodistribution, etc. They build the interface between
the particle and their environment, and thus, the first point of contact and first interaction

point.??

1.2.5.1 Stability of PNP

The stability of a NP suspension depends on the van der Waals forces, Coulomb forces, and
on the distance between neighboring NPs. If attractive forces dominate, the NPs can aggre-
gate while a dominance of repulsive forces leads to NP stabilization. NPs can be stabilized in
different ways: electrostatic repulsion, steric repulsion, and entropic stabilization. For elec-
trostatic repulsion, the NPs must be charged by surface FGs, which need to be introduced
by covalent attachment or adsorption on the NP surface. Thus, the same surface charge of
neighboring NPs leads to NP repulsion and stabilization. Steric repulsion can be obtained
by covalent attachment or adsorption of long chain polymers to the NPs and increase the
distance between the NPs. Electrosteric stabilization, the combination of both effects, can

also be used for the stabilization of NP dispersions.?3%4
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1.2.5.2 Functionalization of PNP

Many applications of NPs require further surface functionalization, for example, with biomol-
ecules such as proteins, DNA, and antibodies or other target-specific molecules or stimuli-
responsive dyes such as fluorescein for the preparation of nanosensors. The terminal surface
functionalities on the NPs, which can be formed by co-polymerization of a co-monomer, can
act as anchoring points for further surface functionalization.!"?® Such molecules can be co-
valently attached by traditional organic chemistry reactions or by using small cross-linking
molecules.?®

The most commonly used FGs are carboxy and amino groups, as they can be easily introduced
on polymer core NPs and can be further modified with many established (bio)functionalization
reactions known from protein chemistry.?%%

The carboxy groups give the PNP a negative zeta potential at neutral pH. As carboxy groups
have only a limited reactivity in amide formation, they need to be activated prior to reaction,
for example, using a carbodiimide such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), dicyclohexylcarbodiimide (DCC), or diisopropylcarbodiimide (DIC). One disadvan-
tage of the formed O-acylisourea intermediate is the rapid hydrolysis. In consequence, a high
excess is used to achieve a complete activation, but this can cause a loss of colloidal stability
due to poor solubility of O-acylisourea. This in turn can be mitigated by converting the O-
acylisourea to a more stable intermediate by using N-hydroxysulfosuccinimide (sulfo-NHS) or
N-hydroxysuccinimide (NHS). The formed active ester can undergo an addition-elimination
reaction with amino groups. Biomolecules, small molecules, or dyes with amino functions
can be coupled to the carboxylated PNP surface by formation of an amide bond.?¢-98

The second common terminal functions are amino groups, which yields PNP with a positive
zeta potential at neutral pH. They can undergo an addition-elimination reaction with active
esters, as described above. Biomolecules, small molecules, or dyes with active ester groups
can be used as reactants for the coupling to amino groups.??:100

Thiol, maleimide, aldehyde, azide, and vinyl groups are also often used for PNP surface
modification and extend the possible reactions and reagents on PNP surfaces. Thiol groups
can undergo an oxidation reaction with another thiol function and generate a disulfide bound,
but it can also perform an exchange reaction with a disulfide and generate a new asymmetric
disulfide bond.!?1103 Aldehyde PNP are used to attach hydrazides to the surface by the
formation of a hydrazone, but also amino groups can undergo a (reductive) amination with
carbonyls. 10410

An overview of FGs and their subsequent reaction possibilities that are important for this

work are shown in ?77.

1.2.5.3 Biocompatibility of PNP

A surface modification is a useful strategy to make NPs more biocompatible. Since biomol-

ecules often have e-amino groups as found, for example, on the lysine side chains as well
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Figure 4: FGs and the further reactions possibilities: carboxy and amino FGs can undergo addition-
elimination reactions (blue and red), thiol functions oxidation or disulfide exchange reactions (yellow),
and aldehyde functions hydrazine formation or reductive amination reactions (green), respectively.

as N-terminal primary amines of proteins, an addition-elimination reaction is often used to
couple biomolecules to the activated carboxy PNP surface. Additionally, the carboxy groups
in aspartic acid, glutamic acid, or the C-terminus of biomolecules can also be used to couple
proteins, peptide, or antibodies to aminated PNP surfaces.'® Such bioconjugation or also,
for example, PEGylations are used to coat the surface and enhance their hydrophilicity and
biocompatibility. PEG is a hydrophilic, biologically inert polymer that has been approved
by the U.S. Food and Drug Administration (FDA) for internal use. PEG-coated PNP show
significant differences compared to non-coated ones in blood circulation times, it prevents
the aggregation of NPs, and hinders the non-specific interactions with cells by forming a
neutral stabilizing interface.'?"1% Such a surface modification can have a large influence on
the biological transport, mediating interactions with cellular membranes and proteins, ki-
netics and mechanism of uptake into cells, diffusion through various biological barriers, and

biodistribution to specific tissues, cells, or organelles.'%?

1.2.5.4 Toxicity of PNP

The surface chemistry stands out as the main parameter of biological performance as the
NP surface is the first point of exposure, thus, it has also a major impact on the toxicity.
Free reactive groups on NPs can lead to toxicity. NPs with high cationic surface charge
and hydrophobic character can more strongly interact with anionic functions on the cellular

membranes than NPs with anionic or neutral FGs. 109111
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1.3 Motivation and objectives

Fluorescent PNP with high brightness and accurately characterized properties, especially a
complete knowledge about the type and amount of the surface chemistry, are prerequisites
for sophisticated and versatile applications in the material and life sciences and in particular
as signal amplification systems in bioanalytics. Knowledge of these fundamental properties
is also necessary for a sustainable and resource efficient application of surface functionalized

fluorescent PNP, which is a major goal in today’s research. The aim of this work is

o (i) development of signal enhancement strategies

o (ii) development of methods for the precise FG quantification on PNP surfaces

The former is addressed by loading preformed PNP with different organic dyes with special
emphasis on AIE emitters. In this respect the understanding of ATE behavior of dye deriva-
tives with different substitution patterns on optical properties in solution and in preformed
PNP is essential. Since no standardized methods for the FG analysis and no reference
materials with known FG densities are currently available, the latter is addressed to the
determination of the accessible amount of FGs on simple and dye-loaded PNP. The main

objectives of this thesis are summarized in ?7.

surface FGs qunatification assays

AIE dye-entrapping

Figure 5: Objectives of the doctoral thesis a) development of signal enhancement strategies by AIE
dye entrapping b) development of surface FG quantification assays.
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2 Synthesis, Characterization and Quantification
Methods for PNP

2.1 Synthesis of PNP

The synthesis of monodisperse, uniformly shaped and chemically homogeneous PNP cannot
be simply generalized. PNP can be prepared either by “top-down” synthesis approaches,
starting from a preformed polymer and shape the “bulk material” into to the desired struc-
ture, or via a “bottom-up” synthesis, where the chemical properties of the monomers are
exploited to polymerize monomer-by-monomer and create the desired NPs.?*3 Procedures
belonging to the top-down and bottom-up approaches are summarized in 7?. With the above

mentioned techniques not only simple NPs, but also different types of core/shell NPs can be

synthesized.
polycondensation
—~—~ solvent step growth
—~—— evaporation polyaddition reactions
e
- mono
~ dispersion precipitation polymerization
~——\ e -
~ T/ | radical :
salting out polymerization
coordinative
—_~ dialysis polymerization chain growth
e _y—— L reactions °
preformed polymers lonic monomers

polymerization

Figure 6: Various top-down and bottom-up approaches for the preparation of PNP.

The progress in controlled polymerization enables the engineering of multifunctional PNP
with precise control over chemical composition, shape, size, shell thickness, surface charge,
and functionality. The conventional radical emulsion polymerization is the most common way
to synthesize PNP. Herein, the monomer is added stepwise in the presence of a suitable ini-
tiator, which starts the polymerization reaction by forming free radicals and interacting with
the monomers in two immiscible liquids, e.g., water and oil. Hence, the carefully controlled
emulsion polymerization needs additional surface modifiers, emulsifying agents, or surfac-
tants. These molecules can significantly reduce the interfacial tension and form nanometer-
sized micelle droplets of oil-in-water emulsions (nanoreactors/nanocavities), which serve as
centers for nucleation and growth and protect the nonpolar monomers. Additionally, they
also work as a steric stabilizer to prevent the aggregation of the reacting species during the
reaction period. Such an emulsion polymerization can also be done surfactant free, but in

that case the monomer must be soluble in water and stabilized by using ionic co-monomers

11
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or ionizable initiators. In most cases, a mini-emulsion polymerization with an initiator in
the organic phase or a micro-emulsion polymerization with a water-soluble initiator is per-
formed. Due to the water insolubility of the monomer, a surfactant is necessary in both

polymerizations.33:43:112,113

During the polymerization synthesis, different factors can influence the size and the shape
of formed particle, such as the stirring speed and temperature conditions. Also, the applied
surfactant and the water-to-surfactant ratio are of great importance, as they control the
polymer chain length as well as the size and shape of the final PNP via the formed reaction
cavity that depends additionally on the surfactant’s hydrophilic-lipophilic balance value.
Finally, the reactant concentration is important for the amount of formed nuclei and the
period of particle growth, because only the monomers remaining in the reaction solution are
available for a collision with the formed nuclei and for deposition on the surface of nuclei.'*
The coating of the synthesized core PNP can be performed by using the in-situ polymerization
method. In this method, after the synthesis of the core particles, a co-monomer is added to

the particle nuclei, which has the desired FG (see ?77).115:116
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Figure 7: Emulsion polymerization of styrene to polystyrene, and in-situ addition of acrylic acid to
achieve the formation of a carboxy shell in micelles.3334

The shell formation reaction can be challenging as particle agglomeration and formation of

shell particles have to be prevented. Agglomeration of the particles in the reaction media

12
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can be controlled via stabilization with surfactants. The separate formation of shell material
particles can be inhibited by adjusting the stirring speed, the co-monomer concentration,
and the co-monomer addition rate. An incomplete coverage of the core can be prevented
by using a sufficient amount of co-monomer molecules to fully cover the surface of the PNP

cores. Some common shell-forming molecules (co-monomers) are listed in ?7?.

Table 1: Co-monomers with reactive functionalities for the surface functionalization of PNP, espe-
cially interesting for PSP cores.

Co-monomers Functional groups
4- N-Boc-vinylaniline!!” amino
aminoethyl methacrylate hydrochloride3 amino
acrylic acid?3 carboxy
methyl methacrylate'!® carboxy
vinylbenzaldehyde!!? aldehyde

vinyl aryl azide!?° azide

2.1.1 Preparation of fluorescent PNP and AIE-PNP

Fluorescent PNP can be made via different approaches. One way is attaching reactive flu-
orophores to the surface FGs of the PNP. The disadvantages of this strategy are that only
reactive dyes with suitable functionality can be coupled covalently to the surface, only acces-
sible FGs can be modified, and the dyes are located at the interface between PNP and the

surrounding medium, which makes them accessible for quenchers present in the solution.?!

This strategy is often used for the preparation of nanosensors using stimuli-responsive dyes.??
Another elegant way is to encapsulate the dyes into the PNP matrix, either during the poly-
merization reaction or after the synthesis of preformed PNP. The dye can be added during
the synthesis in the reaction mixture as dye monomers, which are then incorporated cova-
lently in the PNP matrix or through physical trapping.'?® The incorporation of dyes during
the synthesis can impact particle properties such as size, size distribution, and shape. Addi-
tionally, this requires the synthesis of fluorophore-modified monomers, which can be tedious,
and dyes, which survive the sometimes stringent polymerization conditions. The advantage
of such a dye polymerization into the PNP matrix is that it prevents leaking. The other
approach is the simple swelling procedure studied, for example, by Behnke et al.?%2" using
preformed PSP and conventional water-insoluble dyes without reactive groups (see ?7). In
this case, hydrophobic organic dyes are dissolved in an organic solvent, for example, THF or
DMF, and added to the aqueous PNP suspension. The organic solvent leads to a swelling
of the particles. Depending on their log D value (see ??), the hydrophobic organic dyes are
distributed preferentially within the hydrophobic polymer matrix and can then be entrapped
by reducing the organic solvent content. This leads to a deswelling of the PNP back to their

original size and shape. The excess dye is removed by several washing steps.?%?” In this way,

13
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PNP can act as carriers for water-insoluble materials such as hydrophobic dyes and provide
long-term chemical stability and protection against chemical species which can lead to photo-

or chemical degradation.

adding dye in washing,
organic solvent ultrasonication

aqueous suspension
of PSP

Figure 8: Simple encapsulation procedure for producing fluorescent PNP with hydrophobic dyes.

An important aspect for the application of dye-loaded particles is to prevent dye leaking.
Leaking of dyes into the environment leads to a decrease of the NP brightness, increases
the background signal and can have toxic effects. In order to avoid dye release and achieve
high dye loading efficiencies, sufficiently hydrophobic dyes that can be entrapped within the
hydrophobic polymer matrix are required.'?*12> For every dye the degree of hydrophobicity
can be calculated. The log D is the logarithm of the ratio of the concentration sums of all i
species in water and in octanol as a measure for the hydrophobicity or hydrophilicity of the

dye:

le 'Cguater

The higher the log D value, the higher the hydrophobicity of the dye.
A special form of fluorescent NPs are AIE PNP. Different synthesis methods for produc-

logD = log (1)

ing them were reported in the recent years. Examples involve the covalent attachment
of AIE dyes to the polymer or the entrapment of the dyes in PNP. For example, Wei
and co-workers used cross-linkable/polymerizable AIE dyes for the preparation of NPs in

126,127

a reversible addition-fragmentation chain transfer (RAFT) polymerization, emulsion

128,129 130,131 and redox polymerization.'®? Another

polymerization, radical polymerization,
synthesis of AIE PNP is based on the nanoprecipitation with an amphiphilic polymer such
as 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-PEG (DSPE-PEG) as encapsulating or
coating agent, which additionally enables further functionalization of the PNP.8% Another
study reports the synthesis of AIE PNP by an emulsion solvent evaporation method.'??
The amount of emulsifier is one of the important aspects for this kind of synthesis, because
the lower the amount, the higher the aggregation state of the AIE dye. A high amount of

emulsifier encourages a homogeneous dye distribution in the polymer matrix, and thus, no
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aggregation takes place, leading to a reduced quantum yield. The generation of AIE PNP

by a simple swelling procedure followed in this work has not been reported yet.

2.2 Characterization of PNP

To obtain a complete picture about size, size distribution, shape, shell thickness, and surface
charge of the synthesized NPs, suitable analytical methods are required. Serval techniques

are established for the characterization of NPs.

134-137

« (i) microscopic analyses such as atomic force microscopy (AFM), scanning elec-

tron microscopy (SEM), transmission electron microscopy (TEM)

136,138-140 ¢yych as UV-Vis spectroscopy, fluorescence spec-

o (ii) spectroscopic analyses
troscopy, X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spec-

troscopy (FTIR)

141,142

o (iii) scattering analyses such as dynamic light scattering (DLS), nanoparticle

tracking analysis (NTA), small-angle X-ray scattering (SAXS)

For the determination of the NP properties, the characterization method must be suitable
for both, the core and the shell material. In the case of core/shell PSP, both materials are
organic polymers. Methods that are suitable for the core are also suitable for the shell but

distinguishing between core and shell could be challenging.

2.2.1 Characterization of size, size distribution and shape
2.2.1.1 Scanning electron microscopy (SEM)

SEM is the most common and reliable technique for visualization of different types of NPs
and for their size and shape analysis (see 77).

Compared to a conventional light microscope, which is typically working with a visible light
source in a wavelength range of 400 to 800 nm, the resolution of an electron microscope is
several orders of magnitude higher, down to the sub-nanometer region. The generated elec-
tron beam at a tungsten cathode is focused by condenser lenses. Subsequently, the focused
electron beam passes through deflector plates and interacts with the sample line by line in
a raster pattern. Different processes can take place when the beam hits the sample. The
collimated electrons can be deflected by elastic scattering or they can ionize the sample and
generate secondary electrons with lower energy, that can be detected. With a CCD detector,
the resulting image is obtained by mapping the intensity of the detected signal.'4%144 For
the measurement, the samples are in a dried form, fixed on a substrate, and measured under
high vacuum. Instead of detecting secondary electrons, SEM can also be used in transmis-

sion mode in the so-called transmission scanning electron microscopy (TSEM). In this special
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Figure 9: SEM images of 100 nm-sized PSP. (a) overview image of 100 nm-sized PSP; (b) zoomed-in
image of 100 nm-sized PSP.

mode a detector below the sample collects the transmitted electrons.'4?

2.2.1.2 Dynamic light scattering (DLS)

DLS is another widely used, simple and fast technique for the determination of the hydro-
dynamic radius of NPs in a colloidal suspension. The method is based on measuring the
intensity fluctuation of a coherent laser source by a detector. NPs in suspension are con-
stantly moving (Brownian motion) and thus, the relative distances of the particles change
continuously. Simultaneously, the condition for constructive and destructive interferences
changes as well, which results in time dependent intensity fluctuations of the light scattered
by the NPs.

Application of monochromatic and coherent laser light allows to observe interference changes
and measure the intensity fluctuations, and thus, offers access to the diffusion coefficient D
of the particles at a constant temperature 7. Via the Stokes-Einstein equation (see 7?), the
hydrodynamic diameter dj, of the particles can be calculated with the Boltzmann constant k

and the viscosity 1 of the used solvent.

k-T

D= ——.
6.7“'-7’7-7"

(2)

The resulting hydrodynamic diameter depends on the temperature and the viscosity of the
solvent. The hydrodynamic diameter describes the whole particle diameter including the
core, shell(s), and the surface-bound solvent layer(s) and is consequently larger than the
diameter measured with SEM. Since the diffusion of small NPs is faster than that of larger
NPs, the intensity fluctuations of the scattered light changes faster for small NPs than for
larger NPs. The larger the particle, the slower the movement and the lower the diffusion

coefficient D of the particle.
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The method is limited to a particle size range of typically 1-10000 nm. Exemplarily, mea-

surements of 100 nm-sized PSP and a mixture of 100 and 200 nm-sized PSP are shown in
29 144,146
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Figure 10: Hydrodynamic diameter of PSP measured by DLS; 100 nm-sized PSP (a), 100 and 200
nm-sized PSP (50/50 w/w, b).

2.2.2 Surface charge

Electrophoretic light scattering determines the surface charge of NPs, which also influences
the colloidal stability of the NP dispersion. Around the surface charge, ions of opposite
charge are attracted and an ionic double layer is formed. The ( potential is the electric
potential at the slipping plane on the NP surface (including the NP surface charge, and the
diffuse Stern layer) and the bulk solvent solution. It can be determined by measuring the
electrophoretic mobility. The ¢ potential of a sample depends on ionic strength, pH (when
(de)protonatable groups are on the surface), and composition and dielectric constant of the
solvent. A surface charge above 20 mV or below -20 mV usually leads to a good colloidal

stability of NP dispersions due to electrostatic repulsion.™?

2.2.3 Optical properties

Optical spectroscopy exploits the interaction of materials with electromagnetic radiation
covering the UV-VIS-IR spectral region. Absorption-, luminescence- (emission, fluorescence
quantum yield, fluorescence lifetime, fluorescence anisotropy), IR-, and Raman spectroscopy
also belong to the optical spectroscopy methods. In these optical methods the excitation
and relaxation of molecules in rotational, vibrational, and electronic states can be studied

to obtain information about the concentration, energy levels, and the structure of the analyte.
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2.2.3.1 Absorption

When electromagnetic radiation interacts with a sample, it can be absorbed, reflected, scat-
tered, and/or transmitted. In the absorption process, sample molecules absorb electromag-
netic radiation with a defined energy, which causes an excitation from an electronic ground
state So to higher electronic and vibronic states S; or Sy (see 7?7 blue and green arrows).
From the ratio of the incident radiation intensity Iy and the weaker transmission radiation
intensity I the absorbance A can be determined (in the absence of scattering/reflection). The
measured A(X) depends on the concentration ¢ of the material in the solution, the material
and wavelength specific absorption coefficient €y, and the optical pathlength d, as defined by

the Beer-Lambert law: 48150

A(A)zlog(IIO) =c-€y-d. (3)

When €, of the material is known and d is constant, the change of A()) is proportional to
the change of ¢ of the sample. This law is only valid for transparent, diluted samples with an
absorbance < 1 and for samples where scattering and reflection can be neglected.'® That’s
why, the Beer-Lambert law is not valid for dispersions of particles with sizes exceeding ap-

proximately 50 nm.
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Figure 11: Simple Jablonski diagram with absorption, fluorescence and phosphorescence.

2.2.3.2 Emission

After the electrons relax into the vibronic ground state of the electronically exited state Sy
by radiationless internal conversion (IC), they emit in most cases a photon with lesser energy
than the absorbed photon and relax back into the ground state Sy (see 77 yellow and red
arrow).'®” This allowed fast relaxation process is called fluorescence (yellow arrow). In some

cases the electrons relax back into Sy without emitting photons (non-radiative relaxation).
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2.2 Characterization of PNP

Some systems can also change from the excited singlet electronic state to an excited triplet
state (spin flip) due to intersystem crossing (ISC). This spin-forbidden relaxation from T,

back in the ground state is called phosphorescence (red arrow).

2.2.3.3 Fluorescence quantum yield (¢y)

¢s and fluorescence lifetime (7) are the two key parameters for the characterization and
comparison of fluorescent samples such as dyes.!%"

¢ is defined as the ratio between the radiative rate constant k. and the sum of the radiative
k. and nonradiative rate constant k,, (depopulating the excited state) or the ratio of the

number of emitted photons and the number of absorbed photons (see ?7).1°1:152

ke New(V)
N kr "’knr B Nabs()\) .

b5 (4)

¢y can be determined relatively or absolutely. For the relative ¢y, determination, the
sample’s emission intensity is measured relative to the emission intensity of a reference dye
with known ¢ at constant instrument settings (see 77).

e

5 -
st

F:): . fst()\ex)

¢f;rel - ¢f;st . F75t fx()\ez) . (5)

n

¢ 1.5t is the fluorescence quantum yield of the standard, F is the integral photon flux, f is the
absorption factor and n is the refractive index of the solvent; subscripts = and st denote the
sample and standard, respectively.

The absolute ¢ determination can be done with an integrating sphere setup by directly mea-
suring the number of emitted photons (N,,) and the number of absorbed photons (Ngps)
without the need for a reference dye. Only this absolute method should be used for scattering
samples such as NP suspensions, solid samples, films, and powder samples, as light scattering

can affect the optical pathway and absorption of the sample.!?1 153

2.2.3.4 Fluorescence lifetime (7)

The second important parameter is 7 which is the average time that the fluorophore is present
in the excited state before it relaxes back to the ground state by emitting light (radiative

decay) or via non-radiative decay pathways such as IC or ISC.%?

1
T = (R (6)

7 can be determined by using the time-correlated single-photon counting (TCSPC) method

with a pulsed light source and a fast reacting detector.'°
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2 Synthesis, Characterization and Quantification Methods for PNP

2.2.4 Surface FGs

The wide-spread usage of PNP and the importance of surface chemistry for their applications
make it mandatory to quantify the amount of surface groups on the particles. Without an
accurate characterization and thorough quantification of the surface chemistry, it becomes
very challenging to perform subsequent (bio)functionalizations efficiently and in a controlled
fashion. Ideal methods for FG quantification should be fast in readout, easy in handling, inex-
pensive even for industrial routines, robust, reliable, and should have been validated.54:89,154
Additionally, it is important for the quantification method to distinguish between the to-
tal amount of functionalities on the PNP surface and the accessible amount, which can be
utilized for coupling of small molecules, drugs, or biomolecules such as antibodies, peptides,
and DNA to the NP surface. There are methods that are able to quantify the total amount
of FGs, others quantify the application-relevant accessible amount, and yet other methods
are able to quantify both amounts depending on special requirements such as the presence
of method-relevant chemical elements or traceable groups. The various methods and tech-

niques for FG quantification are summarized and divided into quantification methods for

total amount, for accessible amount, and for both by color and grouping in ?7.

conductometry ., S « dye labelling

potentiometry * ¢ o comPIExOmey
electrophoretic WS adsorption-/
light scattering oo s FTIR & Raman desorption assay
thermoanalytical 4T N ICP-OES & cleavable
methods ’ ICP-MS reporter
total amount accessible amount

Figure 12: Quantification methods for total, accessible or both FG amounts.

Furthermore, the choice of a suitable quantification method requires knowledge of the method’s

general properties, including

o (i) Is a reporter necessary for signal generation or is the method label-free?

(ii) Can the reporter size influence the quantification?

(iii) Is the reporter covalently attached to the particle surface?

o (iv) Is a calibration required?

(v) Does the method quantify the total or accessible amount of FGs?

(vi) Is a penetration/deformation depth known?
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2.2 Characterization of PNP

Established analytical techniques such as nuclear magnetic resonance (NMR), inductively
coupled plasma optical emission spectroscopy (ICP-OES), and inductively coupled plasma
mass spectrometry (ICP-MS) can in principle be used for label-free FG determination, pro-
vided that relevant elements or traceable groups are present. Nevertheless, they require
expensive and complicated instrumentation and elaborate data analysis. Simple and inex-

155

pensive methods are electrochemical titration methods such as conductometry >° or poten-

tiometry?® which need only (de)protonatable FGs (label-free method) and label requiring

optical methods.648?

2.2.4.1 Conductometric titration

Conductometric titration is a simple, fast, and inexpensive analytical method for the deter-
mination of the total/overall (de)protonatable FGs, for example, amino or carboxy groups
on NPs, and enables also distinction between strongly and weakly acidic groups.'”® Sample
preparation and analysis for this method are fast, and the instrumentation is simple and
inexpensive (see ?? left).!5” In this technique the change of the electric conductivity in the
analysis solution is measured during the successive addition of a base or acid. The addition
of NaOH or HCI induces a (de)protonation or neutralization reaction in the solution and
increases or decreases the conductivity with the changing concentrations of the two most
highly conducting ions, the hydrogen (H*) and hydroxyl ions (OH™).1%® ?? (right) shows a
typical conductometric titration curve of PNP after addition of excess NaOH deprotonating
all FGs. This curve shows the change in conductivity plotted against the amount of added

titrant volume.

conductivity meter

conductivity

argon gas

s - V HCI V NaOH

Figure 13: Schematic representation of the experimental setup for conductometric titration (left),
and typical conductometric curve obtained for back and forth titration of aminated or carboxylated
PNP with HCI and NaOH.

The titration with HCI and the back titration with NaOH consists of three sections each.

Addition of HCl in the first section causes a decrease in conductivity due to the neutralization

of OH™ in the solution with the H™ from the titrant. Due to the neutralization reaction,
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2 Synthesis, Characterization and Quantification Methods for PNP

159 are replaced by Cl~ ions

OH™ ions with higher equivalent conductivity (A=199 Scm?)
with a lower equivalent conductivity (A=76 Scm?).'® The slope of this part of the curve is
only affected by remaining Na™ (A=50 Scm?)'*® and the added C1~. In the second section,
further addition of HCI leads to a protonation of the ionized FGs. Only the Cl™ ions will
increase the conductivity. The change in the slope between sections 2 and 3 indicates the
end of the protonation of the analyte. The steep increase in conductivity in section 3 is due
to the increase of free HT ions and Cl~ ions. The back titration with NaOH is in principle
similar. The first section of the back titration is the neutralization reaction of the excess H
ions. In the second section, the analyte is deprotonated and in the last section an excess of
OH~ and Na™ remain in the solution.

The volume between the equivalence points, i.e. the intersections of the linear parts of the
conductometric titration curves, which should be the same for the titration with HCI and

NaOH, is proportional to the amount of (de)protonatable FGs in the solution.!6

mol Ct - Vi
amount of FG H _ Ctitrant * Vtitrant ‘ (7)

g Manalyte
Due to the simplicity of this basic method, a lot of different materials have been quantified
with it. Beck et al. used this method for the surface group quantification of cellulose

157 Fras et al. applied it for the determination of FGs on cellulose fibers.!%®

nanocrystals.
Martin-Dominguez quantified acidic groups of humic substances.!®® These are only some of
the examples. The application of this method on PNP was also reported by Wen et al. in
2017'%° and a quantification and validation of this approach was also done in our group by
Hennig et al. in 2015.%

The simplicity of this method also entails some limitations. For the quantification of FGs,
a large sample quantity is needed (typically at least FG density of 1000 nmol), which is
however not a big obstacle for the typical synthesis scale of PNP.16! More importantly,
the method does not distinguish between sample and additives such as salts, initiator or
surfactant and is hence not selective, as all (de)protonatable functionalities in the analysis
solution will be quantified.!®® For an accurate result, several washing steps of the analyte
before the measurements are necessary. In the case of weak acids, the method is severely

limited, because the dissociation degree can be too low to be measured accurately.'®® In ??

some pKa values of commonly used FGs are listed.

Table 2: pK, values of some surface FGs which are relevant for this work.

Functional groups pK, values

~H,SiOH 162 4.5-5.5
~COOH!®3 4.8
~NHj 164 8-10
~SH!6 10.6
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2.2 Characterization of PNP

An additional source of interference can be dissolved CO5 in the sample solution, forming
carbonic acid. This can be avoided by working under an inert atmosphere.'%6 Depending
on the sample material, additional problems may occur. The method needs to be validated

individually for different analyte materials.

2.2.4.2 Optical assays

Optical assays based on spectrophotometric or fluorometric readouts are simple, inexpensive,
robust, fast, and can be performed with routine laboratory instrumentation. These methods
are used to quantify accessible FGs on PNP. They require a spectrophotometrically or fluo-
rometrically active label such as a colored product or a fluorescent dye that absorbs and/or
emits in the UV, VIS or NIR region to be measured with common UV-VIS absorption or

emission spectrometer.

For dye labeling assays, emissive dyes with reactive FGs can be attached covalently to
the terminal surface FGs of NPs. A large variety of different dye classes for fluorophore
labelling strategies are used in the quantitative analysis of surface FGs on different types
of nanomaterials. One example was published recently by Felbeck et al.”? They quantified

amino functions on laponite disks with differently charged fluorescent dyes (see ?7?).

BODIPY
581/591

Figure 14: Schematic presentation of the different fluorescent labels covalently linked to the rim
of laponite disks via 3-aminopropyldimethylsilane. Adapted with permission from Felbeck et al.
Copyright 2015, American Chemical Society.

Other examples have been reported by Hennig et al.545% describing the fluorophore labelling
of PMMA particles grafted with polyacrylic acid (PAA), where carboxy groups were con-
jugated with a 1,6-diaminohexane derivative of fluorescein-5-isothiocyanate. However, the

simplicity of this conventional dye labelling quantification method also has some disadvan-
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2 Synthesis, Characterization and Quantification Methods for PNP

tages. The use of organic solvents for the organic dye labelling can lead to particle swelling
and nonselective incorporation of fluorescent dyes or at worst dissolution of the particles.
Furthermore, the direct determination of PNP-bound dyes is hampered by the NP scat-
tering in spectrophotometric or fluorometeric measurements and by dye-dye interactions at
high local dye concentrations which can lead to self-quenching and prevent a reliable quan-
tification.545° To mitigate these problems, the indirect quantification of unbound dye can be

used.

Felbeck et al.” also used dye precursors that become strongly absorptive and/or emissive
upon reaction with the respective FGs (“turn-on” or activatable labels). Related dye labels

are so-called chameleon dyes!67169

which are color changing dyes. However, like the “always
on” dyes, these dyes also show the same disadvantages, and additionally, require a calibra-

tion with a model system.

For the multimodal cleavable linker labelling strategies , structures with a binding
part, cleavable part and a reporter part are necessary. Different cleavable units which are

shown in 7?7 could be used for the linkers design.

R NO,
2 R
Ri<, ,.Nyx R, R S O .n3 @/
N & T2 o) O.7 R
: % X 1

o]
hydrazone/pH-dependent disulfide/reductive  acetal/pH-dependent nitrobenzyl/photolytic

Figure 15: Possible cleavable linkers for quantification of FGs on PNP.170

The reporter part could be a dye that absorbs and emits in the UV-Vis range and bear
additional traceable groups such as F, Eu, or S. The advantage of this method compared
to the direct dye labelling method is that the reporter can be detected optically in solution

after cleavage and a dissolution of the particles is not needed.

2.2.4.3 BCA assay for protein quantification

The bicinchoninic acid (BCA) assay is a spectrophotometric assay and is commonly used for
the quantification of the total amount of proteins in aqueous solutions. The assay is based
on the reduction of a Cu?* complex to a Cu™ complex under basic conditions and in the
presence of biomolecules.'™ At room temperature cysteine, cystine, tryptophan, and tyrosine
amino acids of the proteins are responsible for the reduction reaction. At higher temperature,
such as 37 °C or 60 °C, the peptide bond of the proteins is also accountable for the color

172 Due to the reduction, the green colored Cu®t complex becomes violet

28,171

changing reaction.
(see 77). This color change can be quantified spectrophotometrically at around 562 nm.

The higher the absorption, the higher the amount of protein in the analyzed solution.
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|n+] 2
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Figure 16: Schematic presentation of the BCA assay: reduction reaction of green Cu?* complex to
violet Cut complex in the present of the peptide-bound of proteins.

A disadvantage of the BCA-Assay is the time and temperature dependence of the reaction
and the lack of an easily identifiable endpoint. Moreover, the BCA assay can respond to
other redox-active species. In addition, the quantification of an unknown sample requires
a calibration curve from the investigated protein. The calibration must be done under the
same experimental conditions as the quantification of the analyzing sample.

While the BCA assay is suitable for the quantification of pure protein solutions, quantification
on NPs or dye loaded NPs turns out to be more challenging due to the NP scattering or
the spectral overlap. Therefore, it is important to adjust the BCA assay conditions to these

circumstances.

2.2.4.4 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

Since 1985 ICP-OES is established in routine laboratory analyses for the qualitative and
quantitative determination of elements in solid, liquid, and gaseous samples. A schematic
representation of an ICP-OES device is shown in ??. For the analysis, the sample is atomized,
ionized, and excited by spraying it into an argon plasma of 6000-12000 K. The excited atoms
of the sample emit light with element-specific wavelengths, which can be detected. These
emission spectra give insights into the sample’s chemical composition. ICP-OES offers the
opportunity to determine almost all elements of the periodic table at trace levels. Neverthe-
less, the detection of some elements is extremely difficult due to the operating modes, such
as Ar in an Ar plasma, air/solvents containing elements such as H, N, O, and C, halogen
atoms emitting in the vacuum UV region, or radioactive/short-lived elements. ICP-OES has
an extremely wide linear range and enables the determination of a multitude of elements
simultaneously with proper calibration.!”3174

This well-established, highly sensitive, and versatile quantification technique is applied in
geoanalysis for the analysis of rocks, soils, and sediments, in agricultural and food samples
for the determination of essential nutrients and toxic elements, in biological and clinical
samples for the determination of toxic or therapeutic elements, in environmental samples
like water for the determination of P, Pd, Hg, Cd, or As, and especially in organic chemistry

for the elemental information of analytes.!™ ICP-OES can also be used for the quantification
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Figure 17: Schematic representation of an ICP-OES device with a nebulizer for the sample aerosol
formation, a plasma for atomization, ionization and excitation of the sample, detection of the emitted
wavelength with a CCD detector.

of the total or accessible amount of functionalities on PNP surfaces by tracing specifically
introduced elements such as S, B, or Eu during the synthesis of the particles or afterwards

by attaching it to the respective FGs.

2.2.4.5 Quantitative nuclear magnetic resonance (QNMR)

NMR is a wildly used routine analysis technique for the identification and characterization
of (newly) synthesized (organic) compounds. Besides the structural information, commonly
used '"H-NMR and '3C-NMR give important information about the purity of the measured
compounds. NMR detectable element isotopes have a nuclear spin > 0 and a sufficiently
high (natural) abundance.

In the past few years, the use of NMR as a quantitative method (QNMR) received significant
attention in academia and industry.'™ The fact that NMR has a short analysis time, simple
sample preparation, and each NMR signal is proportional to the number of nuclei contributing
to the signal makes gqNMR a well suited technique for the quantification of organic molecules
such as drug metabolites, capsular polysaccharides, residuals in complex solutions, peptides,
and natural products.!™ 177 It has also been used for the analysis of the ligand shell of

178-180 and for the quantification of FGs

nanomaterials such as semiconductor quantum dots
on silica nanostructured materials.'®! In principal, it can also be used for PNP, directly
quantifying the surface FGs or the attached dye labels if the NMR signals of these species
appear at frequencies that are not covered by the matrix.

Commonly, qNMR analysis focuses on the measurement of protons (1H), due to the high

sensitivity and omnipresence of these nuclei in organic molecules. Other NMR-sensitive
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nuclei such as '°F, which can be specifically introduced into a molecule, can provide clear and
single signal NMR spectra for quantification.'”® Alternatively, molecules containing specific
isotopes such as C can also be used.%*

For gqNMR, parameters such as the longitudinal relaxation time T1, in cases where transver-
sal relaxation time T2 > T1 also T2 and the pulse angle (0°-90°) play an important role
and need to be chosen carefully to optimize the quantification results. T1 is a characteristic
time for longitudinal relaxation which is required to ensure that 63% relaxation of the cor-
responding protons. To be sure that 99.9% of the excited nuclei relax back to the ground
state, the relaxation delay time must be set at least 7-times the T1 time of the proton with
the slowest relaxation. The robustness of the method can be validated by changing one of
three parameters, the number of scans, the temperature, or the mass of the internal standard
(IS).176

One of the most important steps in gNMR experiments is the selection of an IS. The IS must
be of very high and known purity, well-known concentration, good solubility in the chosen
solvent, should not interact or react with the analyte, not be volatile, and have sharp signals

175,182 The concentration of the IS

that do not overlap with the sample signals in the spectra.
is then used as a reference peak for the quantification of the sample by comparing the integral
of the standard peak with the integral of the analyte peak. In 7?7 a qNMR evaluation of
(3-aminopropyl)triethoxysilane (APTES) functionalized silica NPs with 1,3,5 trioxane as IS
is shown. Taking into account the different number of protons contributing to the individual
signals, the concentration of aminopropyl groups is about 2.4 times higher than that of the

IS.
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Figure 18: ¢NMR analysis example of functionalized silica NP with 1,3,5 trioxane as IS.
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3 Results: Publications and Manuscripts

In the following section the published articles and submitted manuscripts are listed and the

contributions of the author are specified.

3.1 Major contributions

3.1.1 Crystallization and Aggregation-Induced Emission in a Series of
Pyrrolidinylvinylquinoxaline Derivatives

Nithiya Nirmalananthan, Thomas Behnke, Katrin Hoffmann, Daniel Kage, Charlotte F.
Gers-Panther, Walter Frank, Thomas J. J. Miiller, and Ute Resch-Genger*

J. Phys. Chem. C 2018, 122, 11119-11127.

DOI: 10.1021/acs.jpcc.8b01425
URL: https://doi.org/10.1021 /acs.jpcc.8b01425

Figure 19: Adapted with permission from N. Nirmalananthan et al. Copyright 2018 Journal of
Physical Chemistry C.
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3 Results: Publications and Manuscripts

In this publication N. Nirmalananthan-Budau contributed the spectroscopic studies of the
four pyrrolidinylvinylquinoxaline derivatives in the solid state, diluted in ethanol, as ag-
gregates in ethanol-water mixtures, and entrapped in preformed carboxylated PSP. She
performed all experiments, evaluated and interpreted all data under supervision of Dr. T.
Behnke, Dr. K. Hoffmann, and Dr. U. Resch-Genger. Dr. K. Hoffmann and D. Kage
made the confocal laser scanning microscope (CLSM) images and the fluorescence lifetime
imaging microscopy (FLIM) measurements. Dr. C. F. Gers-Panther synthesized the pyrro-
lidinylvinylquinoxaline derivatives (synthesis is already published separately) and the dye
crystals under supervision of Prof. Dr. T. J. J. Miiller. Dr. W. Frank performed the X-ray

diffraction (XRD) measurements.
The manuscript was mainly written by N. Nirmalananthan-Budau and Dr. U. Resch-Genger.

Estimated own contribution: ~ 85 %
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3.1 Major contributions

3.1.2 Multimodal Cleavable Reporters vs Conventional Labels for Optical
Quantification of Accessible Amino and Carboxy Groups on Nano-
and Microparticles

Marko Moser,} Nithiya Nirmalananthan,’ Thomas Behnke, Daniel GeiBler, Ute Resch-

Genger*
Anal. Chem. 2018, 90, 5887—5895.

DOI: 10.1021/acs.analchem.8b00666
URL: https://doi.org/10.1021 /acs.analchem.8b00666
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Figure 20: Adapted with permission from M. Moser and N. Nirmalananthan et al. Copyright 2018
Analytical Chemistry.

In this publication N. Nirmalananthan-Budau contributed the synthesis of the cleavable
linker N-(aminoethyl)-3-(pyridin-2-yldisulfanyl)propanamide (N-APPA) and the quantifica-
tion of the total and the accessible carboxy FGs on 100 nm-sized and 1 pm-sized PSP.
Additionally, the quantification of the amino functionalized 100 nm-sized and 1 pm-sized
PSP with the dye IR 797 was performed by N. Nirmalananthan. M. Moser performed the
quantification of the total and the accessible amino FGs on 100 nm-sized and 1 pm-sized
PSP. Both authors evaluated and interpreted the obtained data jointly under supervision of
Dr. T. Behnke, Dr. D. Geifller, and Dr. U. Resch-Genger.

The manuscript was mainly written by M. Moser, N. Nirmalananthan-Budau, and Dr. U.

Resch-Genger.

Estimated own contribution: ~ 45 %
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3.1 Major contributions

3.1.3 Multimodal Cleavable Reporters for Quantifying Carboxy and
Amino Groups on on Organic and Inorganic Nanoparticles

Nithiya Nirmalananthan-Budau, Bastian Riihle, Daniel Geifller, Marko Moser, Christo-
pher Klaber, Andreas Schéfer, Ute Resch-Genger*

Sci. Rep. 2019, 9, 17577—17587.

DOI: 10.1038/s41598-019-53773-3
URL: https://doi.org/10.1038/s41598-019-53773-3

Pre-print version of the journal article submitted to Sci. Rep. in 2019. Reproduced with

permission.

In this publication N. Nirmalananthan-Budau contributed the synthesis and characterization
of carboxy and amino functionalized PSP with three different FG densities, the quantifica-
tion of the amount of the total FGs of these PSP with conductometric titration, and the
quantification and validation of the amount of accessible FGs on all PSP and mesoporous
silica nanoparticles (MSN) with the cleavable reporters N-APPA and N-succinimidyl-3-(2-
pyridyldithio) propionate (SPDP). Additionally, N. Nirmalananthan-Budau encapsulated
three different dyes into the PSP matrix, functionalized the PSP with representative bio-
molecules and quantified the amount of biomolecules bound to the particles. Also, she
evaluated and interpreted the data under the supervision of Dr. D. Geifller and Dr. U.
Resch-Genger. Dr. B. Riihle synthesized and characterized the carboxy and amino function-
alized MSN and evaluated and interpreted the qNMR data which were measured by Dr. A.
Schéfer. Christopfer Kliber investigated the reproducebility of the obtained results under
the supervision of N. Nirmalananthan-Budau and M. Moser established the synthesis of the
monodisperse PSP core and the accessible amino group quantification with SPDP on com-
mercial PSP.

The manuscript was mainly written by N. Nirmalananthan-Budau, Dr. B. Riihle, and Dr.
U. Resch-Genger.

Estimated own contribution: ~ 80 %
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Multimodal Cleavable Reporters for Quantifying Carboxy and
Amino Groups on Organic and Inorganic Nanoparticles

Nithiya Nirmalananthan-Budau,!? Bastian Riihle,! Daniel GeiBler,! Marko Moser,!? Christopher Kl4-
ber,! Andreas Schéfer,? Ute Resch-Genger*

D Federal Institute for Materials Research and Testing (BAM), Richard-Willstatter-Str. 11, D-12489 Berlin, Germany
2 Institut fiir Chemie und Biochemie, Freie Universitit Berlin, Takustrasse 3, 14195, Berlin, Germany

KEYWORDS quantitative spectroscopy; polystyrene nanoparticle; mesoporous silica nanoparticles; cleavable reporter; func-
tional groups; surface chemistry.

ABSTRACT: Organic and inorganic nanoparticles (NPs) are increasingly used as drug carriers, fluorescent sensors, and multimodal
labels in the life and material sciences. These applications require
knowledge of the chemical nature, total number of surface groups, and
the number of groups accessible for subsequent coupling of e.g., antifoul-
ing ligands, targeting bioligands, or sensor molecules. To establish the
concept of catch-and-release assays, cleavable probes were rationally de-
signed from a quantitatively cleavable disulfide moiety and the optically
detectable reporter 2-thiopyridone (2-TP). For quantifying surface groups
on nanomaterials, first, a set of monodisperse carboxy-and amino-func-
tionalized, 100 nm polymer and silica NPs with different surface group
densities was synthesized. Subsequently, the accessible functional groups
(FGs) were quantified via optical spectroscopy of the cleaved off reporter
after its release in solution. Method validation was done with inductively
coupled plasma optical emission spectroscopy (ICP-OES) utilizing the ~ ©7MSN
sulfur atom of 2-TP. This comparison underlined the reliability and ver-

satility of our probes, which can be used for surface group quantification on all types of transparent, scattering, absorbing and/or
fluorescent particles. The correlation between the total and accessible number of FGs quantified by conductometry, gNMR, and with
our cleavable probes, together with the comparison to results of conjugation studies with differently sized biomolecules reveal the
potential of catch-and-release reporters for surface analysis. Our findings also underline the importance of quantifying particularly

Oprse

the accessible amount of FGs for many applications of NPs in the life sciences.

Surface-functionalized organic, inorganic, and hybrid NPs are
increasingly used in the life and material sciences!® with many
foreseeable applications e.g., in medical and consumer prod-
ucts. Amongst the most frequently used NPs are polystyrene
particles (PSP) and silica NPs. These NPs can be prepared in
different sizes with different surface functionalities and com-
monly show a high colloidal stability, a remarkable stability in
biological environments, and a good biocompatibility.®° More-
over, they can be easily doped with functional molecules like
fluorescent dyes and the large number of FGs at their surface
makes them interesting carriers for stimuli-responsive sensor
molecules and releasable drugs. In addition, mesoporous silica
nanoparticles (MSN) have the advantage of a particularly large
surface-to-volume ratio, with uniform and tunable pore sizes.'""
16 These properties paved the road for applications of PSP and
MSN as multi-chromophoric reporters for signal enhancement
and multiplexing strategies in optical assays, targeted probes in
bioimaging studies, and nanoscale sensors.%72

64

For the majority of NP applications, NP performance depends
mainly on particle size, size distribution, shape, surface chem-
istry, and charge. These features control colloidal stability, sub-
sequent functionalization with ligands or biomolecules, and the
interaction with the environment, including biological systems
and thereby, biocompatibility and toxicity.*?%2” Thus, important
prerequisites for every commercial application of NPs are not
only reproducible particle syntheses, but also suitable methods
for characterizing these features. Particularly relevant for mate-
rial processing and for monitoring batch-to-batch variation is
the quantification of the total and accessible amounts of func-
tional groups (FGs) at the NP surface.?5%2 This calls for ro-
bust, simple, and inexpensive methods that should preferably be
validated. Additionally, these methods should be specific, sen-
sitive, fast, and versatile, i.e., useable for characterizing a broad
variety of particle systems independent of their chemical com-
position or optical properties such as scattering, absorption, and
emission. Meanwhile, there exists a large toolbox of methods
for FG analysis to choose from. Principally suited techniques
range from X-ray photoelectron spectroscopy (XPS),?% (quan-
titative) nuclear magnetic resonance spectroscopy (NMR),28:0



Scheme 1. Mechanism for quantifying the accessible amount of carboxy and amino groups on PSP and MSN with the cleavable

reporters N-APPA and SPDP, respectively.
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thermogravimetric analysis (TGA) detecting mass losses during
heating, sometimes in conjunction with Fourier Transform in-
frared spectroscopy (FTIR) or mass spectrometry (MS), as well
as inductively coupled plasma optical emission spectroscopy
(ICP-OES) and mass spectrometry (ICP-MS).%! These methods
need, however, expensive instrumentation and are commonly
operated by specifically trained personnel. Only very few meth-
ods can provide the total number of FGs. Examples are very
versatile quantitative NMR (qQNMR) requiring special measure-
ment conditions and specific signals distinguishable from those
of the NP matrix, and inexpensive electrochemical titration
methods like conductometry for (de)protonatable FGs like car-
boxyl and amino groups. The latter methods require, however,
a relatively large amount of substance and detect all (de)proto-
natable species present in solution which have comparable pK,
values unspecifically, including initiators, stabilizers, and sur-
factants remaining from the particle preparation, or other
(de)protonatable surface groups such as silanols.®2% Also, not
all methods are suitable for all types of nanomaterials. For ex-
ample, TGA with mass loss detection can only be used to deter-
mine the number of organic ligands, and thus, indirectly also
the number of FGs for one type of surface ligand, on inorganic
particles such as metal NPs, semiconductor quantum dots, and
upconversion nanocrystals.*

Elegant and frequently used methods to quantify the number of
accessible surface groups are optical assays with spectrophoto-
metrical or fluorometrical readout. These assays typically re-
quire a labeling step, i.e., the covalent binding of an optically
detectable reporter bearing a reactive group. Quantification can
be done with commonly used and widely available laboratory
instrumentation such as spectrometers or microplate readers us-
ing a calibration curve obtained with a calibrant with known
optical features closely matching those of the species detected
in the respective assay. Optical measurements, however, can be
affected by the absorption and fluorescence properties of the

(nano)material to be analyzed, dye-dye interactions leading to
fluorescence quenching, and the inherent environment sensitiv-
ity of the spectroscopic features of the optical reporters used for
quantification, namely the reporter’s molar absorption coeffi-
cient or its fluorescence quantum yield. The consideration of
these effects can impose challenges on assay calibration. To
overcome some of these challenges, we recently presented the
versatile concept of catch-and-release reporters, utilizing as first
examples Ellman’s reagent-related N-(aminomethyl)-3-(pyri-
din-2-yldisulfanyl)propanamide (N-APPA) and N-Succin-
imidyl-3-(2-pyridyldithio) propionate (SPDP, NHS-PDP) for
quantifying carboxy and amino groups on nano- and micropar-
ticles.¥” These cleavable probes consist of reactive groups for
the coupling to surface functionalities via established conjuga-
tion chemistries, a quantitatively cleavable unit like in our case
a reductively cleavable disulfide moiety, and an optically de-
tectable reporter. Here, 2-thiopyridone (2-TP) was chosen con-
taining a sulfur heteroatom that can also be quantified by com-
plementary analytical techniques such as ICP-OES or ICP-MS.
Cleavage of the disulfide unit releases 2-TP which can then be
detected in the supernatant photometrically or with ICP-OES.
Thereby, the distortion of optical signals by particle scattering
is avoided and simple method validation by method compari-
sons and mass balances can be obtained. 3738

To demonstrate the potential of our reductively cleavable
probes for the quantification of some of the most frequently
used particles and surface FGs in life science applications, we
prepared a series of PSP and MSN, surface modified with var-
ying densities of carboxyl and amino groups. These FGs were
then quantified with conductometry, gNMR, and optical assays
using the custom-designed cleavable probes N-APPA and
SPDP shown in Scheme 1. To underline the versatility of our
catch-and release reporter concept, we also performed similar
studies with dye-loaded PSP. Additionally, the results were cor-
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related with data from PSP conjugation to differently sized bi-
omolecules. Here, the proteins bovine serum albumin (BSA)
and streptavidin (Sav), as well as wheat germ agglutinin (WGA)
and concanavalin A (ConA), two lectins often used for the de-
sign of bioconjugates for bacteria detection,***° were chosen ex-
emplarily due to their different protein size ranging from 25 to
67 kDa.

Materials and Methods

Materials. Styrene, potassium persulfate (PPS) , sodium do-
decyl sulfate (SDS), acrylic acid (AA), tetraethyl orthosilicate
(TEOS), (3-aminopropyl)triethoxysilane (APTES), cetyltrime-
thylammonium  bromide (CTAB), ammonium nitrate
(NH4NO3), 4-morpholine-ethanesulfonic acid monohydrate
(MES), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), N-sulfohydroxysuccinimide (sulfo-NHS), N-hydroxy-
succinimide (NHS), tetrahydrofuran (THF), dimethyl sulfoxide
(DMSO), methanol (MeOH), ethanol (EtOH), sodium phos-
phate, N-Boc-ethylendiamine (EDA), sodium hydroxide
(NaOH), and hydrochloric acid (HCI) were purchased from
Sigma Aldrich Co. (Germany), N-Succinimidyl-3-(2-pyridyl-
dithio) propionate (SPDP, NHS-PDP), tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) were obtained from Thermo
Fisher Scientific Germany BV & Co KG (Germany), 2-cyano-
ethyltriethoxysilane (CETES) was obtained from abcr (Ger-
many). All solvents used in optical assays were of spectroscopic
grade. All solutions and buffers were prepared with Milli-Q wa-
ter (Millipore).

Synthesis of functionalized PSP and MSN. The detailed syn-
thetic procedures for the formation of the carboxy PSP and
MSN as well as the aminated PSP is described in the Supporting
Information (SI1) together with the basic characterization of the
produced particles regarding particle size / size distribution,
surface charge, nitrogen sorption data, and thermogravimetric
analysis (TGA).

Activation of carboxy groups on PSP and MSN. 120 pL of
EDC (150 mM) and 60 pL of NHS (300 mM) in phosphate
buffer (0.01 M; pH 5.5) were added to 100 pL of carboxy PSP
or MSN (5 wt-%) in phosphate buffer. The mixture was shaken
at 700 rpm for 1 h at RT, followed by one washing step using
300 pL of phosphate buffer (0.01 M, pH 8 for PSP and pH 7.4
for MSN).

Quantification of carboxy groups on PSP and MSN with N-
APPA. 580 uL of the activated carboxy particle suspension
(0.86 wt-%) were added to a solution of 1.65 pmol (for PSP) or
2.5 umol (for MSN) N-APPA dissolved in 20 pL of methanol.
The reaction mixture was shaken at 700 rpm for 16 h at RT, fol-
lowed by centrifugation at 16,000 g for 40 min for PSP and
10,000 g for 5 min for MSN. The supernatant was removed, and
the labeled particle suspension was washed three times with
400 pL of phosphate buffer (0.01 M, pH 8 for PSP and pH 7.4
for MSN). 50 pL of a TCEP stock solution (40 mM) in phos-
phate buffer were added to the combined supernatant fractions
with unreacted N-APPA (pH of the resulting solution 6.8) and
shaken at 600 rpm for 45 min at RT. The amount of 2-TP was
quantified spectrophotometrically at Aas = 343nm (¢ =
(8000 + 100) M-cm').

Additionally, 50 pL of a TCEP stock solution were added to the
washed particles (PSP, MSN), which were resuspended in
350 pL of phosphate buffer (pH of the resulting suspension
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3.8). After shaking at 700 rpm for 45 min at RT, the particle
suspension was washed twice with phosphate buffer. The
amount of 2-TP in the combined supernatant fractions was de-
termined spectrophotometrically. The formed thiol groups in
the supernatants were also quantified with ICP-OES.

Quantification of amino groups on PSP and MSN with
SPDP. Aminated PSP or MSN (0.86 wt-%) suspended in
580 pL of phosphate buffer (0.01 M, pH 8 for PSP and pH 7.4
for MSN) were added to a solution of 2 umol of SPDP dissolved
in 20 pL of DMSO and shaken at 700 rpm for 45 min at RT,
followed by centrifugation at 16,000 g for 40 min for PSP and
10,000 g for 5 min for MSN. The supernatant was removed, and
the particle suspensions were washed three times with 400 uL
of phosphate buffer (0.01 M, pH 8 for PSP and pH 7.4 for
MSN). The combined supernatant fractions containing unre-
acted SPDP were mixed with 50 pL of a TCEP stock solution
(40 mM) in phosphate buffer to cleave the disulfide bond of
SPDP. The reaction mixture was shaken at 700 rpm for 45 min
at RT. The amount of 2-TP was quantified spectrophotometri-
cally at das = 343 nm (g = (8000 % 100) M*cm™).
Additionally, 50 pL of a TCEP stock solution were added to the
washed particles (PSP and MSN) resuspended in 350 pL of
phosphate buffer. After shaking at 700 rpm for 45 min at RT,
the NP suspension was washed twice with phosphate buffer.
The amount of 2-TP in the combined supernatant fractions was
determined spectrophotometrically.

Dye staining of PSP. Carboxy-functionalized PSP with a high
FG density (PSP-COOH-Hi) were stained exemplary with the
hydrophobic dyes phenyl-pyrrolidinylvinylquinoxaline (PVQ),
coumarin 153, and Nile Red following a previously described
procedure from Behnke et al.*® For this purpose, 400 pL of a
6 mM dye solution in THF were added to 2400 pL of an aque-
ous suspension of 12 mg of PSP (0.5 wt-%). After shaking for
30 min at RT, the dye-loaded particles were washed three times
with Milli-Q water to remove excess dye and subsequently re-
suspended in Milli-Q water under sonication. Then, the parti-
cles were washed with an ethanol-water mixture (50/50 v/v) to
remove dye molecules adsorbed on the particle surface and
larger dye aggregates. Subsequently, the particles were sus-
pended in phosphate buffer (0.01 M; pH 5.5).

The quantification of the accessible amount of FGs on the dye-
loaded PSP was done following the procedure for undoped car-
boxy PSP and MSN described above (see sections on Activation
of carboxy groups on PSP and MSN and Quantification of car-
boxy groups on PSP and MSN with N-APPA).

Biomolecule coupling. After the activation of PSP-COOH-Hi
(see section on Activation of carboxy groups on PSP and MSN),
275 pL of a bovine serum albumin (BSA), streptavidin (SAv),
wheat germ agglutinin (WGA), or concanavalin A (ConA) in
phosphate buffer (pH 7.4) containing 50 nmol of protein were
added to 125 pL of a suspension of 5 mg of carboxy PSP
(4 w9%) in phosphate buffer. The reaction mixture was shaken
at RT overnight, followed by centrifugation. The supernatant
was removed, the carboxy PSP were washed four times with
300 pL of phosphate buffer, all supernatants were combined,
and then used for quantifying the amount of unreacted biomol-
ecules.

BCA assay. The amount of biomolecules covalently bound to
the carboxy PSP and unreacted biomolecules in the supernatant
were determined with the BCA assay, using. 25 pL of the 2.5-



fold diluted supernatant and 25 pL of a 2.5-fold diluted 5 wt-%
suspension of biomolecule-labeled PSP. 200 pL of BCA rea-
gent were added to these biomolecule-containing solutions at
RT, and shaken for 120 min. To avoid signal distortions from
particle scattering, the samples were centrifuged and 225 pL of
the supernatants were added to a microtiter plate. The amount
of biomolecules in all wells was quantified photometrically at
Xabs. = 562 nm by comparison with the results from the calibra-
tion curve, obtained with nine biomolecule standards (25 pL
each) in a concentration range of 0 to 2000 ug-mL™?. The aver-
age biomolecule labeling density per mg of particles was calcu-
lated from the results of the BCA assay and the amount of par-
ticles used in the assay.

Instrumentation.

Dynamic light scattering (DLS) and Zeta Potential Measure-
ments. The measurements were done with a Zetasizer Nano ZS
instrument from Malvern Instruments Ltd. and the data were
analyzed with the Zetasizer Software v7.02. All samples were
measured at T = 25°C using PS-semi-micro cuvettes from ra-
tiolab.

Scanning electron microscopy (STEM). STEM images were ac-
quired on a Hitachi SU8030 EM. Images were taken with an
acceleration voltage of 30 kV, in transmission electron (TE)
mode. STEM images were used for the size analysis of the par-
ticles using the program F1JI.

Absorption measurements. The absorption spectra of the solu-
tions were measured with a double beam spectrophotometer
Specord 210plus from Analytik Jena (Germany) at RT in
(10x10) mm quartz cuvettes from Hellma GmbH (Germany).
For the BCA assay, absorption spectra were measured with a
Microplate Reader Infinity M200 Pro from Tecan Inc. (Austria)
at RT in microtiter plates from Fischer Scientific GmbH (Ger-
many).

ICP-OES measurements. Quantitative ICP-OES analysis of the
sulfur concentration of the suspended PSP was performed with
a 5110 ICP-OES from Agilent Technologies. The sulfur signal
was detected at 180.669 nm.

All relative standard deviations of the optical assays were de-
rived from measurements of six independent samples. In the
case of the ICP-OES measurements, the relative standard devi-
ations were obtained from three independent measurements.
Conductometric titration. Conductivity measurements provid-
ing the maximum (or “total”’) number of (de)protonatable FGs
were performed with a Modul 856 conductometer (Metrohm).
For complete protonation/deprotonation of the FGs on the PSP
surface, the conductivity of the PSP suspensions was adjusted
to 100 uS/cm with either HCI or NaOH prior to FG titration.
The samples containing 10 mg of PSP-COOH or 5 mg of PSP-
NH: in 80 mL of Milli-Q water were titrated with base (10 mM
NaOH) or acid (10 mM HCI) in 20 uL steps under argon atmos-
phere to exclude CO, from air.

gNMR. Solution *H NMR spectra were collected at RT on a
JEOL JNM-ECZ600R/M1 spectrometer operated at 600 MHz
or on a Bruker Avance Ill HD 500 operated at 500 MHz. The
MSN samples were prepared by drying a known amount (ap-
proximately 20 mg) at 80°C for 24 h, adding a known amount
(approximately 1-2 mg) of 1,3,5 trioxane as an internal stand-
ard, and dissolving the mixture in 1 mL of NaOD in DO (1 M,
pH 14) under sonication for 30 min at RT.* Prior to collecting
gNMR spectra, the T1 times of the components were measured
using a series of inversion-recovery experiments. For the

gNMR spectra, single 90° pulses with an interpulse delay of at
least seven times the longest T1 proton relaxation time (9.2 s
for the methylene protons of trioxane in 1 M NaOD) and 128
scans (for samples with high FG density) or 512 scans (for sam-
ples with low FG density) were used. Prior to fast Fourier trans-
formation (FFT), the free induction decays (FIDs) were multi-
plied with an exponential window function (line broadening
0.1 Hz). Transformed spectra were referenced to the residual
solvent proton signal centered at 4.79 ppm (broad singlet),*? the
phase was adjusted manually, and baseline-corrected integral
values for the methylene protons of the silane groups and the
internal standard were calculated. The purity of the internal
standard was determined to be 96% by measuring it against
1,3,5-trimethoxybenzene of known purity (99%) in CDCls;
(known amount of approximately 5 mg each in 1 mL of CDCls,
4 scans, 90° single pulse, interpulse delay of 20 s, other data
processing parameters as described above).

Nitrogen sorption measurements. Nitrogen adsorption and de-
sorption isotherms were recorded on an ASAP 2020 from mi-
cromeritics at liquid nitrogen temperature (77 K). Approxi-
mately 20 mg of sample were degassed for 16 h at 120°C under
vacuum. BET surface areas were calculated from the linear part
of the BET plots (typically in a partial pressure range from ~0.1-
0.3), giving correlation coefficients of at least 0.999). BJH and
NLDFT pore size distributions were calculated from the desorp-
tion branch, using an equilibrium model for N, on silica for
NLDFT, as implemented in the Quantachrome ASiQwin soft-
ware v 3.01.

Thermogravimetric analysis (TGA). The measurements were
carried out on a Perkin-Elmer TGA 7 in synthetic air using ap-
proximately 5 mg of sample. The samples were heated from
room temperature to 120 °C with a heating rate of 5 K/min, held
at 120 °C for 60 min, and then heated from 120 °C to 700 °C
with a heating rate of 5 K/min. The weight loss is normalized to
the sample weight obtained after 60 min at 120 °C.

Results and discussion

Synthesis and characterization of carboxyl and amino PSP
and MSN. Carboxy PSP with different FG densities were syn-
thesized by an emulsion polymerization reaction following a
slightly modified procedure from Holzapfel et al.*® by adding
different amounts of co-monomer AA. The size of the particles
was determined with DLS to be between 100 nm and 150 nm
(intensity-weighted harmonic mean diameter, so-called Z-aver-
age). The monodisperse, spherical, ~100 nm-sized particles
have a zeta potential (in Milli-Q water, pH 7) of -25 mV
and -48 mV for the samples with low functionalization density
(PSP-COOH-Lo) and high functionalization density (PSP-
COOH-Hi), respectively. The aminated PSP were synthesized
by derivatization of PSP-COOH-Hi with three different
amounts of EDA. This derivatization, which is also used in the
synthesis of many commercialized aminated particles, results in
an increase in PSP diameter by approximately 15 nm and an in-
crease of the zeta potential from -48 mV for PSP-COOH-Hi to
-25 mV for PSP-NH2-Hi.

Carboxylated and aminated MSN were prepared according to
the literature,**% by a slightly modified surfactant-templated
(CTAB) sol-gel method using the co-condensation of TEOS
and different amounts of CETES or APTES (10 mol% or
0.1 mol% with respect to TEOS). The resulting particles have
intensity-weighted Z-average hydrodynamic diameters of 200
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nm and 320 nm, respectively. The carboxy MSN have negative
zeta potential values of -25 mV (MSN-COOH-Lo) and -15 mV
(MSN-COOH-Hi) in Milli-Q water (pH 7). The respective ami-
nated MSN have positive zeta potentials of +34 mV (MSN-
NH2-Lo) and +41 mV (MSN-NH-Hi). All synthesis proce-
dures and characterization results of all particles used in this
study are given in detail in the Supporting information (SI) in
Figures S1-S7 and in Tables S1-S3.

Quantification of total carboxy and amino groups on PSP
by conductometric titration. This method was previously val-
idated by us for the quantification of carboxy groups on differ-
ently sized, surface modified polymethylmethacrylate (PMMA)
micro- and nanoparticles grafted with poly(acrylic acid) by
comparison with gNMR? and for aminated particles by a Flu-
ram assay.*’ The results obtained for the carboxylated and ami-
nated PSP are summarized in Table 1. This table reveals that
the increasing volume of the co-monomer AA which was added
during the in-situ co-polymerization leads to an increase of the
carboxy FG density on the PSP surface.

The aminated PSP which were made by derivatization of PSP-
COOH-Hi with different amounts of EDA all show similarly
high amounts of FGs, with the measured values being compa-
rable to the total amount of carboxy FGs on unmodified PSP-
COOH-Hi. Since during the derivatization process only a few
accessible carboxy groups are aminated, these particles bear a
mixture of carboxy and amine FGs on their surface, and the con-
ductometric titration is not sensitive enough to distinguish be-
tween the (de)protonation of carboxy and amino groups. Hence,
only a sum of all (de)protonatable FGs can be obtained (see Fig-
ure S8). The corresponding value does not reflect the increase
in amino FG density or the total amount of amino groups but
can solely be used for the comparison of different PSP batches.
Similarly, the quantification of the total amount of carboxy and
amino FGs on MSN by conductometric titration is impeded by
the presence of (de)protonatable silanol groups on the silica sur-
face. The pKj, value of the silanol groups is about 4.5-5.5% and
the pK, values for the carboxy and amino FGs are estimated to
be at around 4.8 and 9-11, respectively. Additionally, the silica
framework of the MSN can be hydrolyzed under basic condi-
tions under the consumption of hydroxide ions. Both effects

lead to an overestimation of the actual FG density (see Figure
S9). Therefore, the total amount of carboxy and amino FGs on
MSN was quantified by gNMR rather than conductometry.

Quantification of total carboxy and amino groups on MSN
with gNMR. For the determination of the total number of FGs
by gNMR, the MSN were dissolved in 1 M NaOD in D0 to-
gether with a known amount of an internal standard, here 1,3,5
trioxane, and the amount of carboxy and amino groups was de-
termined from the ratio of the integrals of the methylene protons
of trioxane and the methylene protons of the alkyl silane bearing
the respective FGs (see S, Figure S10-S13). This procedure as-
sumes that each alkyl chain corresponds to one FG.*47

The total amount of NH, FGs determined by gNMR agrees well
with the expected amount of FGs calculated from the molar ra-
tios of TEOS to APTES that were used for MSN synthesis. As-
suming a stoichiometric reaction of TEOS and APTES and
complete hydrolysis and condensation of the precursors, we ex-
pect FG densities of 1413 pmol/g and 17 umol/g for samples
MSN-NHz-Hi and MSN-NH.-Lo, respectively. The values
measured by gqNMR were 1532 pmol/g and 44 pmol/g for
MSN-NH2-Hi and MSN-NH2-Lo (see Table 1). For carboxyl
functionalized MSN, the difference between the expected and
found amounts of FGs is somewhat larger. Under the same as-
sumptions as above, as well as assuming a quantitative hydrol-
ysis of nitrile groups to carboxy groups (which appears to be a
good presumption given the very weak cyanoethylsilane signals
visible in the *H NMR spectra in Figures S12 and S13), the ex-
pected FG densities are 1382 pmol/g and 17 pmol/g for samples
MSN-COOH-Hi and MSN-COOH-Lo, while the amounts ob-
tained from gNMR are 860 umol/g and 65 pumol/g, respectively.
A reason for the higher discrepancies could be — besides the
simplifying nature of the assumptions — that some functional
groups are hydrolyzed off and dissociate from the silica frame-
work under the rather harsh nitrile hydrolysis conditions (5 h
reflux in 9M HCI). Interestingly, the carboxylated MSN sam-
ples also show lower BET surface areas, lower pore volumes,
and smaller pore diameters than the aminated MSN samples
(see Table S3 and Figure S6). This observation could be at-
tributed to different effects of APTES and CETES during the

Table 1. Quantification of Total and Accessible Amount of Surface FGs on PSP and MSN

Surface density  Total FGs [umol/g]

(Accessible / Total ) *100

Accessible FGs [umol/g]

[%0]
Low 185 + 36 27+5 15
PSP-COOH Medium 393+5 61+6 16
High 642 £ 14 85+ 8 13
Low 621 + 44 38+4 6
PSP-NH2 Medium 671+ 60 52+2 8
High 686 + 45 65+1 10
Low 65 19+4 29
MSN-COOH .
High 860 505 6
Low 44 217 46
MSN-NH )
High 1532 219+13 13
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synthesis by co-condensation. While the differences are note-
worthy, a more thorough investigation is beyond the scope of
the current work. TGA data confirms a higher weight loss of the
samples with high FG density as compared to the samples with
low FG density. Due to an unknown (and also variable) amount
of volatiles such as H,O and EtOH present in the highly porous
samples, an exact quantification of the FG density from TGA
proved challenging. However, the differences in weight loss be-
tween the samples with high and low FG density were found to
be similar for aminated and carboxylated MSNs, i.e., 3.5 and
3.7 wt-%, respectively.

Quantification of accessible carboxy and amino groups on
PSP. Carboxy PSP. The amount of FGs on carboxy PSP with
varying FG densities was quantified spectrophotometrically af-
ter reductive cleavage of the multimodal cleavable reporter N-
APPA with TCEP and validated by quantifying the amount of
sulfur by ICP-OES. First, N-APPA was coupled to the NHS ac-
tivated carboxy PSP via its primary amino group. The 2-TP re-
porter, formed upon reductive cleavage of the disulfide bond
with TCEP was used to quantify both the initially PSP-bound
and the unreacted N-APPA molecules in the supernatant. The
amount of carboxy groups accessible for N-APPA equals the
amount of 2-TP cleaved off from the PSP surface. The results
of the optical assays are summarized in Figure 1 and in Table
1.
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Figure 1. Quantification of FGs on PSP with different carboxy
groups densities, of the total FG amount with conductometry
and of the accessible FG amount with cleavable reporters. FG
density differences are clearly detectable with both methods.

This method reveals that 15% (27 £ 5 pnmol/g), 16% (61 +
6 unmol/g) and 13% (85 = 8 pnmol/g) of the total amount of
carboxy groups of PSP-COOH-Lo, PSP-COOH-Me, and PSP-
COOH-Hi can be labeled with N-APPA, and thereby quanti-
fied. As expected, while the absolute amount of carboxy FGs
on PSP-COOH-Hi is highest, the relative percentage of the ac-
cessible FGs is lower than that of PSP samples with lower FG
densities. This underlines that a high FG density — albeit bene-
ficial for the colloidal stability of the particles — must not nec-
essarily be equally advantageous for the number of derivatiza-
ble FGs, where also steric effects and the size and charge of the
molecules to be covalently attached come into play.

The results of our spectrophotometric detection of 2-TP are in
good agreement with those obtained with ICP-OES (see Figure
2 and Sl, Figure S14).

Amine PSP. Quantification of amino groups was done with the
cleavable reporter SPDP closely related to N-APPA, that bears
an active NHS-ester group for the coupling reaction with the

surface amino groups. The optical measurements of the reduc-
tively cleaved 2-TP reporter yielded 6%, 8%, and 10% of ac-
cessible amino groups (see Table 1 and Figure S15) for PSP-
NH.-Lo, PSP-NH,-Me, and PSP-NH,-Hi, respectively. Hence,
an increase in the amount of EDA reacted with the PSP-COOH-
Hi clearly leads to the introduction of an increasing number of
amino groups accessible for our cleavable probe. This number
is, however, most likely lower than the total number of amino
groups which was not determined here due to the previously
discussed problems of conductometry to distinguish between
carboxy and amino FGs.

500 - 3 S ICP-OES
R [ Photometry

Density of FGs
[umol/g particle]

applied unbound cleaved
from surface

Reporter containing fraction

Figure 2. Validation of optical surface group analysis with N-
APPA using ICP-OES exemplarily for PSP-COOH-Hi. A good
correlation of both methods is observed.

In summary, the results obtained with carboxylated and ami-
nated PSP underline the suitability of our custom-made multi-
modal cleavable reporters N-APPA and SPDP for reliably
quantifying the amount of accessible FGs on polymer nanopar-
ticles.

Quantification of accessible carboxy and amino groups on
MSN. Next, our cleavable reporters N-APPA and SPDP were
used for quantifying the amount of accessible carboxy and
amino groups on another broadly used nanomaterial, MSN. For
MSN, the assays with N-APPA and SPDP were performed in a
less basic phosphate buffer at pH 7.4 to avoid particle etching
or dissolution during the assay. As for PSP-COOH, the valida-
tion of the optical results for MSN-COOH was done by quanti-
fying the amount of cleaved off 2-TP and the amount of un-
bound 2-TP in the supernatant with sulfur ICP-OES.

Carboxy MSN. The results obtained for the two carboxy MSN
are summarized in Figure 3 and in Table 1. As expected, the
overall amount of accessible FGs in sample MSN-COOH-Hi is
higher than in MSN-COOH-Lo. The percentage of accessible
FGs on MSN-COOH-Hi and MSN-COOH-Lo was measured to
be 6% and 29% of the total amount of FGs on MSN-COOH-Hi
and MSN-COOH-Lo, respectively. The validation of optical re-
sults by ICP-OES (see S, Figure S16) also correlates well with
the results from our optical assays for MSN.

This result trend is attributed to steric effects limiting the num-
ber of covalently attachable probe molecules at high FG densi-
ties. It is also obvious from these results that the total amount
of FGs as determined by gNMR is much higher than the amount
of accessible FGs derived from the catch-and-release assay.
Since a co-condensation approach was used to synthesize the
functionalized MSN, we expect the FGs to be evenly distributed
throughout the particle surface. It is, however, possible that
some FGs point into the silica pore walls rather than into the
void of the mesopores or away from the outer surface, and
hence, are not accessible for functionalization. Furthermore,
while the pore size of the MSN is large enough to accommodate
the cleavable reporter molecules, we assume that the reporters
encounter first the FGs on the NP surface or the orifices of the
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mesopores and then react preferentially with those. This can
lead to a diffusional barrier that prevents or at least significantly
slows down the diffusion of further probe molecules deeper into
the mesopores where they could react with further FGs.

Amino MSN. Reaction of MSN-NH,-Hi and MSN-NH.-Lo with
SPDP yielded 13% and 46% of accessible amino groups (see
Table 1 and Figure S17). Here, again, the same trend is ob-
served as for the other particles studied before. The well-match-
ing mass balances, i.e., the fact that almost 100% of the initially
used amount of the probe can be recovered either in its unbound
form after the attachment step in the supernatant or after reduc-
tive cleavage from the particles, demonstrates that only a negli-
gible amount of the reporter dye remains adsorbed to the large
surface area of the porous structure and hence that our assays
are also well-suited for porous host materials.

[ applied
»zZ MSN-COOH-Lo [l on surface
TL: > [ unbound
2%
=~ MSN-COOH-Hi

© B
5 £ MSN-COOH-Lo . B
”—9 =]
z ; [ T
g~ MSN-COOH-Hi =-*
I T T T T T T T
0 200 400 600 800

Density of FGs [umol/g particle]

Figure 3. FG quantification on MSN-COOH-Lo and MSN-
COOH-Hi using gqNMR for the determination of the total
amount and cleavable reporters for the quantification of the ac-
cessible amount of FGs. FG density differences are clearly de-
tectable with both methods.

Quantification of accessible carboxy groups on fluorescent
PSP with N-APPA. NPs used in the life sciences are often col-
ored or fluorescent. Since conventional FG quantification meth-
ods that rely on dye labeling of NP surface FGs are hampered
by light scattering or other optical interferences from the parti-
cles as well as possible fluorescence quenching interactions be-
tween neighboring reporters at the NP surface, a complete dis-
solution of the PSP matrix can be necessary prior to quantifying
the FG-bound reporter dyes.®” However, for stained particles
this simultaneously leads to the release of the dyes encapsulated
in the NP. This can result in spectral interferences in absorption
and/or emission with the reporter dye used for FG quantifica-
tion, and thus, limiting the versatility of this approach (see Sl,
Figure S18). In contrast, our versatile concept of catch-and-re-
lease assays is not affected by such interferences, as the quanti-
fication of both the unbound and the bound reporter are done in
the supernatant after cleavage and particle separation. To
demonstrate this absence of influence, we incorporated differ-
ent hydrophobic fluorophores into PSP-COOH-Hi by a simple
swelling/deswelling staining procedure that is also used for the
fabrication of commercialized colored and fluorescent particles.
This included frequently used dyes such as coumarin 153 and
Nile Red?°“8 as well as the PVQ derivative phenyl-pyrrolidinyl-
vinylquinoxaline, a new dye revealing aggregation-induced
emission (AIE).*® As shown in Figure 4, the accessible amount
of carboxy groups could be still determined with N-APPA for
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the three dye-loaded PSP-COOH-Hi, and the obtained FG den-
sities agree reasonably well with the FG density determined for
the corresponding undoped (blank) PSP-COOH-Hi.
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Figure 4. Accessible FG quantification of dye encoded carboxy
PSP with cleavable reporter N-APPA.

Correlation with bioconjugation studies. Four differently
sized biomolecules were coupled to the surface of 100 nm-sized
PSP-COOQOH-Hi via the amine groups of their lysine residues or
the N-terminus after activation of the PSP with EDC/sulfo-
NHS. The exemplarily chosen proteins were BSA (67 kDa), of-
ten used as a model protein, SAv (53 kDa), employed for the
directed conjugation of biotinylated molecules to nanoparticles,
and the smaller lectins WGA (36 kDa) and ConA (25 kDa) that
are used, for example, for the staining of bacteria in conjunction
with fluorescent labels.3*4° The BCA assay was used to quantify
the amount of PSP-bound proteins and the amount of unreacted
biomolecule in the supernatant after particle removal. The
amount of FGs accessible for the covalent binding of such large
and sterically demanding biomolecules is typically below 1%
of the total FG amount on PSP with a high FG density. The
results of our bioconjugation studies are shown in Figure 5. The
mass balances, obtained from measurements of the unreacted
biomolecules in the supernatant and the bound biomolecule on
the PSP, and the coupling efficiencies of the biomolecules are
detailed in the SI, Figure S19.
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Figure 5. Amount of carboxy FGs accessible for bioconjuga-
tion of the differently sized proteins BSA, SAv, WGA, and
ConA.

As shown in Figure 5, the amount of NP-bound biomolecules,
and hence, the amount of carboxy surface FGs accessible for
bioconjugation clearly depends on biomolecule size. For exam-
ple, while 1.9 umol/g of ConA could be bound to the particle
surface, only 0.7 umol/g of the largest biomolecule BSA are
coupled to the surface, i.e., 2.9 times less. Moreover, the total
amount of carboxy functions is 338 times and the accessible
amount as determined with N-APPA is 42.5 times higher than
the amount of FGs available for the binding of the smallest pro-
tein of this series, ConA. For the synthesis of surface function-



alized particles, apparently optimization of the surface func-
tionalization with respect to colloidal stability and minimal
non-specific interactions appears to be more important than
strategies to maximize the FG density as the latter does not nec-
essarily correlate directly with a higher number of surface-at-
tached biomolecules.

Conclusion and Outlook

In summary, with SPDP and N-APPA, we have a set of cleava-
ble probes for the quantification of accessible amino and car-
boxyl surface groups on different types of particles at hand. The
straightforward and versatile catch-and release assays with
these probes allow for the quantification of unbound reporters
in the supernatant and reporters cleaved off from the particle
surface, thereby preventing the distortion of optical signals by
particle scattering and fluorescence quenching via reporter-re-
porter interactions. Validation of the results from the optical as-
says can be elegantly achieved by comparison of the optical as-
says with the determination of sulfur in the different superna-
tants using ICP-OES. Surface group quantification utilizing N-
APPA and SPDP is not limited to PSP matrices, but can be ex-
tended to inorganic porous systems such as MSN.

Our results underline the reliability and versatility of our probe
design and the catch-and-release strategy. Our versatile concept
can be used for surface group quantification on all types of
transparent, scattering, absorbing, and/or fluorescent particles.
The cleavable probes can be easily expanded to the determina-
tion of other bioanalytically relevant functional groups like ma-
leimide or alkyne functionalities by the choice of the reactive
group. Additionally, they can be adapted to other analytical
techniques requiring different reporters, or to different types of
linkers that can be quantitatively cleaved thermally, photo-
chemically, or by pH, utilizing well-established chemistry, e.g.
from drug delivery systems.
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I Synthesis and Characterization of polystyrene nanoparticles

Synthesis of carboxy polystyrene nanoparticles. The carboxylated PSP with different FG densities
were synthesized via emulsion polymerization under argon atmosphere. For PSP core synthesis, a
400 pL aqueous solution of the radical starter PPS (0.148 mmol) was added to a mixture of 5200 L of
surfactant SDS (0.042 mmol) and 1300 pL of styrene monomer (11.36 mmol) in aqueous solution at
70°C. After 1 h of stirring at 350 rpm, 10 pL, 30 pL, 120 pL or 300 pL of co-monomer AA
(0.146 mmol, 0.437 mmol, 1.75 mmol, 4.37 mmol) were added to the suspension and stirred for further
3 h at 70 °C. After cooling to room temperature (RT), the particle suspension was diluted 6-fold. To
remove large chunks, the suspension was centrifugated two times at 15000 g for 2 min and the
supernatants were collected. For all further experiment the combined supernatant was used after three
further centrifugation and washing steps at 16000 g for 1 h for removing the SDS and KPS containing
supernatant.

O
X (6(0]6] °
1.) SDS, PPS 2.) 10, 30, 120 or 300pL AA Q
) - O ) or 300p - S0c COo0
H,0, 70°C, 1h, 350 rpm H,0, 70°C, 3 h, 350 rpm O o
plain particle ooc COO
carboxylated particle

Figure S1: Reaction scheme for the synthesis of carboxy polystyrene nanoparticles with different densities of
FGs.

Synthesis screening of carboxy polystyrene nanoparticles. At 70°C the core particles are generated
within one hour. By adding different amounts of co-monomer acrylic acid (AA) the surface of the plain
core will be grafted with different densities of carboxy functional groups (FGs). The core-shell particles
synthesis was quenched by dilution with 35 mL of water after 240 min since the hydrodynamic diameter
of the particle did not change significantly any more after 180 min.
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Figure S2: Change of particle size with reaction time.



Characterization of carboxy PSP. The NP with different amounts of co-monomer AA have a
hydrodynamic diameter of around 110 nm. While addition of high amounts of AA leads to a
polydisperse particle suspension with core-shell particles and smaller acrylic acid particles (see Table
S1 last column), a low volume of co-monomer leads to a colloidally unstable core-shell system in which
the particles tend to agglomerate and show a higher hydrodynamic diameter and PDI. As expected, the
zeta potential decreased with increasing FG density.

Table S1: Characterization of carboxy PSP.

PSP-COOH
10 uL AA 30 UL AA 120 pL AA 200 UL AA
(PSP-COOH-Lo) (PSP-COOH-Me) (PSP-COOH-Hi) H
Z'ﬁ;gf;”ﬁ”;}']c 148 + 27 121+1 113+3 polydisperse
PDI 0.280 £ 0.033 0.090 £ 0.027 0.142 + 0.009
Zeta potential -25mvV -30 mV -48 mV
“
.,
SEM b
. &

Synthesis of aminated polystyrene nanoparticles. The aminated PSP with different FG densities were
synthesized by derivatization of the carboxy PSP with the highest FG density. 120 yuL of EDC (150 mM)
and 60 pL of s-NHS (300 mM) in MES buffer (0.05 M; pH 5) were added to 100 pL of carboxylated
PSP (5 wt %) after washing the particle three times with MES buffer. The mixture was shaken at 600
rpm for 1 h at RT, followed by one washing step using 480 pL of phosphate buffer (0.01 M, pH 8).
Subsequently, 580 pL of the activated carboxylated particle suspension (0.86 wt-%) were added to a
solution of 200, 1000, 2500 nmol N-Boc-ethylendiamine dissolved in 20 pL of DMSO. The reaction
mixture was shaken at 600 rpm for 16 h at RT, followed by centrifugation at 16,000 g for 40 min. The
supernatant was removed, and the PSP were deprotected two times with 400 pL of HCI (0.085 M) and
washed two times with phosphate buffer (0.01 M, pH 8).
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COO NH,
S) coo® 1.) EDC, s-NHS, MES buffer 0.05 M pH=5 NH
00C > [,N 2
S) S 2.) 200, 1000 and 2500 nmol N-Boc-ethylendiamine,
ooc €00 phosphat buffer 0.01 M pH=8 H,N NH,
carboxylated particle 3.) HC10.085 M . .
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o
Q L 48 .“3
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Figure S3: Derivatization scheme of carboxy PSP to amino PSP.




Characterization of amino PSP.

Table S2: Characterization of amino PSP.

PSP-NH.
200 nmol EDA (Low) 1000 nmol EDA (Medium) 2500 nmol EDA (High)
Hydrodynamic
diameter [nm] 108 +3 124 +4 135+5
PDI 0.115 £ 0.009 0.148 +0.011 0.130 £ 0.012
Zeta potential -32mv -3l mv -25 mV

I1 Synthesis and Characterization of mesoporous silica nanoparticles (MSN)

Synthesis of aminated MSN. For the synthesis of aminated MSN with different FG densities, a mixture
of 100 mL of Millipore water, 200 mg of hexadecyltrimethylammonium bromide (CTAB; 0.549 mmol)
and 1200 pL of NaOH (1.00 M) was prepared and stirred for 20 min @ 80°C. Then, a mixture of
1000 pL of tetraethoxysilane (TEQOS; 4.48 mmol) and an appropriate amount of 3-aminopropyl
triethoxysilane (APTES; 0.1 mol% or 10 mol%; 1.06 L or 106 jL) was added dropwise to this mixture
under vigorous stirring. The resulting mixture was vigorously stirred for another 2 h at 80°C and
afterwards centrifuged for 12 min at 13,640 g. The supernatant was discarded, and the nanoparticles
were washed twice with EtOH (2 x 90 mL). To extract the surfactant from the pores, the nanoparticles
were resuspended in 90 mL of ethanolic NH4sNOs3 solution (20 mg/mL), refluxed for 2 h, centrifuged
again for 12 min at 13,640 g, washed once with 90 mL of EtOH, resuspended in 90 mL of EtOH:HCI
(conc) (90:10 v/v) and refluxed again for 2 h. Finally, the suspension was centrifuged for 12 min at
13,640 g, washed twice with EtOH (2 x 90 mL) and stored in 30 mL of EtOH.

Synthesis of carboxylated MSN. For the synthesis of carboxylated MSN with different FG densities, a
mixture of 100 mL of Millipore water, 200 mg of hexadecyltrimethylammonium bromide (CTAB,;
0.549 mmol) and 1200 pL of NaOH (1.00 M) was prepared and stirred for 20 min @ 80 °C. Then, a
mixture of 1000 uL of tetraethoxysilane (TEOS; 4.48 mmol) and an appropriate amount of 2-cyanoethyl
triethoxysilane (CETES; 0.1 mol% or 10 mol%; 1.01 pyL or 101 pL) was added dropwise to this mixture
under vigorous stirring. The resulting mixture was vigorously stirred for another 2 h at 80°C and
afterwards centrifuged for 12 min at 13,640 g. The supernatant was discarded, and the nanoparticles
were washed twice with EtOH (2 x 90 mL). To extract the surfactant from the pores, the nanoparticles
were resuspended in 90 mL of ethanolic NH4sNO; solution (20 mg/mL), refluxed for 2 h, centrifuged
again for 12 min at 13,640 g, and washed once with 90 mL of EtOH. To further extract the template and
to hydrolyze the nitrile groups to carboxylic acid groups, the particles were resuspended in 40 mL of
H>O:HCI (conc) (10:30 v/v) and refluxed for 5 h. Successful hydrolysis of the nitrile groups to carboxy
groups was confirmed from ATR-IR spectroscopy (Figure S5; after hydrolysis, new bands appear at v =
1718 cm™ and v = 1412 cm that can be assigned to C=0 stretching and O-H bending vibrations,
respectively) and NMR spectroscopy (Figure S10 and S11; the signal at & = 2.44 ppm from the
cyanoethylsilane (peak labeled with a # sign) is negligible after hydrolysis, and a new peak at 6 = 2.09
ppm (peak labeled c) that can be assigned to the methylene group of the carboxy-silane is clearly visible).
Finally, the suspension was centrifuged for 12 min at 13640 g, washed twice with EtOH (2 x 90 mL)
and stored in 30 mL of EtOH.
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Figure S4: Reaction scheme for the synthesis of mesoporous silica nanoparticles.

Characterization of aminated and carboxylated MSN.

Table S3: Characterization of aminated and carboxylated MSN.

MSN-COOH [ MSN-NH,
0.1 mol% (low) 10 mol% (high) 0.1 mol% (low) 10 mol% (high)
Hydrodynamic 252.0+8.9 2223+17 3206+2.7 2165+ 18
diameter [nm]
PDI 0.257 £0.010 0.237 £0.013 0.228 +0.014 0.226 £ 0.006
Zeta[“rf\t/‘;”t'a' 251430 154 +1.63 +343+1.71 +41.3+0.86
TGA weight
loss at 700°C 5.4 9.1 10.9 14.4
[wt %]
Seer [m?/g] 738 729 1033 976
Viet [cm/g] 1.12 1.23 158 1.88
daon [nm] 2.4 23 25 25
dniorr [Nm] 3.7 3.4 4.4 4.3
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Figure S5: FTIR spectra of sample MSN-COOH-Hi before (red) and after (blue) hydrolysis of the
nitrile groups of CETES to carboxy groups. Spectra are normalized to the Si-O-Si vibration at v =
796 cmt and slightly vertically offset for clarity. Dotted lines in the inset indicate the C-H stretching
vibrations at around 2923 cm™, C=0 stretching vibrations at v = 1718 cm'*, and O-H bending
vibrations at v = 1412 cm’, respectively.
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Figure S6: Nitrogen sorption data of samples MSN-COOH-Lo (top left), MSN-COOH-Hi (top right),
MSN-NH,-Lo (bottom left), MSN-NH2-Hi (bottom right). Insets show the NLDFT pore size
distribution. The BET surface area (Sger), the total pore volume (Vi:), and the NLDFT pore diameter at
the maximum of the pore size distribution (dniorr) are also indicated.
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Figure S7: Thermogravimetric analysis of samples MSN-NH.-Lo and MSN-NH,-Hi (left) and MSN-
COOH-Lo and MSN-COOQOH-Hi (right).



111 Conductometric titration of carboxylated and aminated PSP and MSN
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Figure S8: Conductometric titration of carboxylated (top) and aminated (bottom) PSP; 10 mg of PSP-COOH-Lo (top, left), PSP-COOH-Me (top, middle), PSP-
COOH-Hi (top, right) and 5 mg of PSP-NHz-Lo (bottom, left), PSP-NHz-Me (bottom, middle), PSP-NHz-Hi (bottom, right) were titrated for the quantification of

the total amount of FGs.
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Figure S9: Conductometric titration of carboxylated (left) and aminated (right) MSN.
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1V Quantitative NMR of aminated and carboxylated MSN
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Figure S10: gNMR spectrum of sample MSN-NHz-Hi. Signals indicated with an asterisk are from the solvent and EtOH.
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Figure S11: gNMR spectrum of sample MSN-NH-Lo. Signals indicated with an asterisk are from the solvent and EtOH.
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Figure S12: gNMR spectrum of sample MSN-COOH-Hi. Signals indicated with an asterisk are from the solvent and EtOH. The signal indicated with a pound
sign can be assigned to the unhydrolyzed precursor (cyanoethylsilane).
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Figure S13: gNMR spectrum of sample MSN-COOH-Lo. Signals indicated with an asterisk are from the solvent and EtOH. The signal indicated with a pound
sign can be assigned to the unhydrolyzed precursor (cyanoethylsilane).
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V Amino and Carboxy Group quantification and validation of PSP
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Figure S14: Validation of surface group analysis with N-APPA using ICP-OES for low and medium carboxy PSP.
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Figure S15: FG quantification with conductometric titration and multimodal cleavable reporter SPDP on self-
synthesized amino PSP of different surface functional group densities.
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Figure S16: Validation of surface group analysis with N-APPA using ICP-OES for low and high carboxy MSN.
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Figure S17: FG quantification with multimodal cleavable reporter SPDP on self-synthesized amino MSN of two
different surface functional group densities.

V11 Quantification of dye loaded carboxy PSP
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Figure S18: Absorption (left) and emission spectra (right) of Cumarin 153, Nile red and PVQ in THF and the overlap
of NHS-Fluorescein and Fluram labels.
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V111 Biofunctionalization of carboxy PSP
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Figure S19. Biomolecule-derivatizable amount of carboxy functions obtained for four differently sized proteins.
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3.2 Minor contributions

3.2 Minor contributions

3.2.1 3-Piperazinyl propenylidene indolone merocyanines: consecutive
Three-component Synthesis and Electronic Properties of Solid-state
Luminophores with AIE Properties

Melanie Deniflen, Nithiya Nirmalananthan, Thomas Behnke, Katrin Hoffmann, Ute
Resch-Genger and Thomas J. J. Miuller*

Mater. Chem. Front. 2017, 1, 2013—2026.

DOI: 10.1039/c7qm00198¢
URL: https://doi.org/10.1039/c7qm00198¢c
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Figure 21: Adapted with permission from Denifien et al. Copyright 2017 Material Chemistry Fron-
tiers.

All 3-piperazinyl propenylidene indolone merocyanines were synthesized and characterized
by M. Deniflen under supervision of Prof. Dr. T. J. J. Miiller at Heinrich-Heine University
Diisseldorf. M. Deniflen performed also the first photophysical studies with the dye deriva-
tives. N. Nirmalananthan-Budau and her Bachelor student Ella Walczak made aggregation-
induced emission studies with three 3-piperazinyl propenylidene indolone merocyanines with
-H, -CN, -tert-Bu substituents in two different solvent mixtures, evaluated and interpreted
the obtained data under the supervision of Dr. T. Behnke. Dr. K. Hoffmann measured the
CLSM images of the formed dye crystals for the manuscript.

The manuscript was mainly written by M. Deniflen and Prof. Dr. T. J. J. Miiller. The AIE
part was written by N. Nirmalananthan-Budau and Dr. U. Resch-Genger.

Estimated own contribution: ~ 15 %
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3.2 Minor contributions

3.2.2 Quantification of Aldehydes on Polymeric Microbead Surfaces via
Catch and Release of Reporter Chromophores

Alexander Roloff, Nithiya Nirmalananthan-Budau, Bastian Riihle, Heike Borcherding,
Thomas Thiele, Uwe Schedler and Ute Resch-Genger*

Anal. Chem. 2019, 91, 8827—8834. Pre-print version of the journal article. Reproduced

with permission.

DOI: 10.1021/acs.analchem.8b05515
URL: https://doi.org/10.1021 /acs.analchem.8b05515
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Figure 22: Adapted with permission from Alexander Roloff et al. Copyright 2019 Analytical Chem-
istry.

In this publication Dr. A. Roloff contributed the optical quantification of the accessible
aldehyde FGs on micrometer sized PMMA beads with two methods using seven different
particle suspensions. Dr. T. Thiele, and Dr. U. Schedler from PolyAn synthesized and char-
acterized the PMMA beads. N. Nirmalananthan-Budau performed the biofunctionalization,
biomolecule quantification on the beads with BCA assay and evaluated and interpreted the
obtained data. Dr. H. Borcherding performed biomolecule quantification on the beads with

Biotin assay. Dr. B. Riihle supervised and supported the work.

The manuscript was mainly written by Dr. A. Roloff and Dr. U. Resch-Genger.

Estimated own contribution: ~ 15 %
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4 Synopsis of the Results, Conclusion & Outlook

Polymer nanoparticles (PNP) are of increasing importance for a wide range of applications,
for example, as carriers for functional molecules such as drugs and dye molecules, targeted
probes in bioimaging studies, nanosensors, and as reporters for signal enhancement strate-
gies in optical assays. Relevant properties for such applications are — besides the size and
shape — the optical properties and the surface chemistry of the PNP. The latter controls the
colloidal stability, subsequent biofunctionalization, biocompatibility, and interaction with
biological systems including uptake behavior, biodistribution, and toxicity. Based on the
knowledge that well-characterized PNP with bright emission are interesting candidates for
signal amplification strategies in bioanalytics, the major aim of this thesis was to study differ-
ently substituted aggregation-induced emission (AIE) dyes, their encapsulation in preformed
polystyrene particles (PSP), and to develop evaluated and validated methods, for quantifi-

cation of surface functional groups (FGs) on these PSP surfaces.

In ?? and 7?7, we studied the AIE behavior of two different dye classes: merocyanine and
quinoxaline derivatives. Dyes with a twisted skeleton conformation show enhanced emission
upon aggregation. This is in contrast to the majority of dyes which exhibit aggregation-
caused fluorescence quenching (ACQ). AIE dyes are interesting candidates for signal ampli-
fication strategies in optical assays but need to be investigated, since the optical properties
of encapsulated dyes can be influenced by the polarity, refractive index, and viscosity of the
PNP matrix.

In 7?7 the AIE behavior of three differently substituted 3-piperazinyl propenylidene indole
merocyanine derivatives is summarized. The three substituents used were an -H substituent,
an electron donating -tert-butyl substituent, and an electron withdrawing -CN substituent
attached to the rotatable aryl moiety. All dyes were synthesized in an one-pot reaction us-
ing three precursor compounds. All three hydrophobic merocyanine dyes were either barely
or completely non-emissive when dissolved in organic solvents such as acetonitrile, THF,
or DCM. However, the dyes showed strong fluorescence in the solid state. This enhanced
fluorescence was understood to be due to the restriction of the intramolecular motions, such
as rotation and vibration of the differently substituted aryl moieties, which favors radiative
decay in the solid state. This was a first hint that these dyes should be suitable candidates
for AIE. Spectroscopic AIE investigations revealed only a slight emission enhancement of the

dye aggregates formed in acetonitrile-water mixtures containing 75% to 80% water and in
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4 Synopsis of the Results, Conclusion & Outlook

THF-water mixtures containing more than 75% water relative to the isolated dye molecule
in pure organic solvent. The fluorescence quantum yield and fluorescence lifetime of the
dye aggregates was measured. In the acetonitrile-water mixtures, the strongest enhancement
of the quantum yield was observed for the electron withdrawing -CN and the weakest en-
hancement was observed for the electron donating -tert-butyl substituent. The fluorescence
lifetime measurements showed the opposite trend, with the -tert-butyl substituted dye having
the longest lifetime and the -CN substituted dye having the shortest. If only emissive species
were present, the fluorescence lifetime and quantum yield should be directly proportional to
each other. The contradictory lifetime and quantum yield measurements indicates that both
emissive and non-emissive aggregates were formed. In the less polar THF-water mixture the
aggregates formed by the -H substituted dye had the strongest quantum yield enhancement,
while the -tert-butyl substituted dye exhibited the longest lifetime and the -CN substituted
dye did not show AIE behavior. In general, no systematic trends were observed for the three
merocyanine derivatives. Additionally, all changes in the fluorescence characteristics were
too small to reflect an influence of the different substitutents on the AIE effect. Increasing
the energy of the aggregate suspension by ultrasonication revealed highly fluorescent 5 pm
crystalline needles that are colloidally unstable in aqueous solution. Stabilization by encap-
sulating the dyes into preformed PSP was not useful because the highly fluorescent crystals

were too large to be formed in the PSP matrix during the encapsulation.

In 7?7 the influence of the substitution pattern on the AIE behavior was investigated for
four differently substituted quinoxaline derivatives, which were easily accessible syntheti-
cally through a four- or five component one pot synthesis approach. Unlike the merocya-
nine dyes, the quinoxaline derivatives have a completely different rotatable aromatic moi-
ety. These moieties have completely different angles relative to the coplanar quinoxaline
ring and vinylic double bond in the crystal structure. While the heterocyclic and electron-
rich methoxythienyl-substituted derivative shows a nearly coplanar orientation, the electron-
neutral phenyl-substituted quinoxaline has an orthogonal arrangement. The other two hete-
rocyclic electron-rich pyrrolyl- and indolyl-substituted dyes show angles in between the first
two dyes. Like the merocyanine dyes, all quinoxaline derivatives showed intense solid-state
fluorescence. Spectroscopic studies of the dyes in EtOH-water mixtures with increasing wa-
ter content revealed dye aggregation for all mixtures containing more than 80% water. The
formed aggregates became smaller in diameter and the suspension became more emissive
with increasing water fraction up to 98%. Detailed investigations confirmed a systematic
trend in both parameters. The torsion angle (dihedral angle) of the different substituents
and the water content of the EtOH-water mixtures not only controls the aggregate size, but
also the aggregation induced fluorescence enhancement. The phenyl-substituted quinoxaline
with the largest torsion angle showed the highest enhancement in fluorescence intensity and

the heterocyclic methoxythienyl-substituted derivative with the smallest torsion angle the
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lowest one. The good correlation between the size of the torsion angle and the AIE effect

underlined the structural control of AIE in this dye class.

The phenyl-substituted quinoxaline dye formed nm-sized aggregates and showed strongest
ATE effect with a quantum yield enhancement by a factor of 6.8 and a fluorescence life-
time increase by a factor of 23. This dye was exemplarily incorporated into 1 pm-sized
carboxy-functionalized PSP using a simple swelling procedure which is well established for
conventional ACQ dyes in literature to circumvent the colloidal instability of the dye aggre-

gates.

This AIE dye encapsulation enabled high dye loading concentrations, demonstrated a way to
circumvent the low colloidal stability of the dye aggregates, and improved the fluorescence
properties compared to the dye aggregates in suspension. This is reflected by an up to 3-fold
increase in quantum yield and a 1.5-fold increase in lifetime. Beyond that, this entrapping
strategy enables subsequent surface functionalization of the PSP, for example, with biomole-
cules for applications as nanoscale reporters in bioanalysis. Moreover, this demonstrates the
potential of AIE dyes for signal enhancement strategies using preformed PNP, as these dyes

can be encapsulated in a much higher concentration than conventional ACQ dyes.

In 7?7, 7?7 and 7?7, we studied different quantification methods for the determination of the
total and the accessible amount of FGs on PNP functionalized with carboxy, amine, and
aldehyde groups and presented the concept of multimodal cleavable probes for catch-and-

release assays.

The reliable quantification of accessible surface FGs of fluorescent nanoparticles (NPs) is a
prerequisite for sophisticated and versatile applications. In 7?7 three different optical assays
for FG quantification were developed, optimized, and compared using commercial 100 nm-
and 1 pm-sized carboxy- and amino-functionalized PSP. As a basic requirement for the assay
comparison, the total amount of (de)protonatable FGs on these aminated or carboxylated
PSP was determined with conductometric titration. The first optical assay for the quantifi-
cation of the accessible FGs used conventional and commercial dyes with reactive groups, for
example, 6-aminofluorescein or NHS-fluorescein for the covalent functionalization of the PSP
surface FGs. This approach required the quantification of unbound dyes in the supernatant
after several time-consuming washing steps, whereas the direct quantification of the bound
dye was hampered by particle scattering and dye-dye interactions on the particle surface
that result in fluorescence quenching. Only an irreversible dissolution of the PSP could en-
able the direct determination. The second assay was based on dye precursors that become
strongly absorptive and/or emissive upon reaction with the respective FGs, like Fluram,
or color changing dyes like IR797. This approach allowed for a spectral discrimination be-
tween reacted and unreacted labels, and could thereby omit tedious washing steps. However,

the direct quantification of particle-bound dyes was still hampered by particle-induced light
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scattering and dye-dye interactions. Moreover, as Fluram is unstable in aqueous solutions,
only the amount of surface-bound dyes could be determined after particle dissolution in an
organic solvent such as THF, whereas the amount of unreacted Fluram was not measured.
IR797 enabled the spectroscopic determination of both the unreacted dye and the bound dye
after particle dissolution. However, both the Fluram and TR797 assays required calibration
with a model system (molecule) that has similar spectroscopic properties and target-specific

changes in € and @ to the reaction products.

As the first two assays clearly show some drawbacks for the quantification of FGs on particles,
a new approach was developed using the cleavable labels N-succinimidyl-3-(2-pyridyldithio)
propionate (SPDP) and N-(aminoethyl)-3-(pyridin-2-yldisulfanyl)propanamide trifluoroac-
etate (N-APPA). These reporters consist of a cleavable disulfide linker, a reactive group,
and an optically detectable reporter unit. These labels can be quantitatively cleaved off from
the NP surface using a reducing agent such as tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), and thus enable both the quantification of unbound reporters in the supernatant
and reporters cleaved off from the particle surface. Additionally, the thiol groups formed
on the particle surface upon reductive cleavage allow for validation with ICP-OES and the
Ellman’s assay, an already evaluated and established optical assay for thiol groups. This
assay comparison underlines the general advantages of our cleavable reporters SPDP and
N-APPA for the quantification of FGs on particle surfaces. First, a mass balance can be
obtained from measurements of the unreacted reporter and the cleaved off reporter. Second,
the choice of a disulfide cleavable reporter enables a straightforward and simple validation
with established analytical methods relying on different detection schemes. Furthermore, this
versatile concept circumvents distortion of optical signals by particle-induced light scattering
and reporter-reporter interactions. With all three assays we could quantify the accessible
FGs on the surface to be around 12-16% of the total amount of FGs for 100 nm-sized PSP
and to 2-4% of the total FGs for 1 pum-sized PSP. The first two dye-based methods, be-
sides the aforementioned drawbacks, also exhibit higher standard deviations. The cleavable
reporter-based assay is not only beneficial to obtain a complete mass balance and to enable

straightforward method validation, but also offers lower standard deviations.

In 77 the application of the straightforward spectrophotometrical cleavable reporter assay
was expanded, by applying N-APPA and SPDP to the quantification of accessible surface
FGs on custom made 100 nm-sized PSP with three different densities of either carboxy or
amino surface groups. As for the commercial PSP, a mass balance could be obtained by
quantifying the unbound reporters in the supernatant and the reporters cleaved off from the
particle surface. Again, the amount of accessible groups quantified optically also correlated
very well with the ICP-OES validation measurements of sulfur. This quantification method
using cleavable labels is not only restricted to polystyrene materials. For example, we could
show that a quantification of FGs on mesoporous silica nanoparticles (MSN) is also possible
as demonstrated by the validation of the method results with ICP-OES data.
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Moreover, for dye-loaded PSP the dyes used in conventional labelling-based FG quantifi-
cation strategies could interfere with signals originating from the dyes encapsulated in the
NPs. However, such a problem can be easily circumvented by using the cleavable reporter
labeling method, since all quantification steps of the reporter are performed in the super-
natant after particle separation. We could demonstrate this advantage for PSP loaded with
the conventional dyes coumarin 153 and Nile red as well as for PSP loaded with the AIE dye

phenyl-quinoxaline.

The quantification of the accessible amount of FGs with SPDP and N-APPA allowed the
reduction of the necessary PSP-coupling biomolecule amount for bio analytics by up to 8-fold

compared to the total amount of FGs on surface.

In 7?7 we demonstrated that the cleavable reporter method is not limited to carboxy and
amino groups but rather can be adapted to other surface functionalities and other quan-
titatively cleavable units. The commercial cleavable reporter 3-(2-pyridyldithio)propionyl
hydrazide (PDPH) was successfully used to quantify the accessible aldehyde FGs on the
surface of 5.6 pm-sized PMMA particles. The results of these measurements were compared
with the results from the catch-and-release BODIPY-hydrazide (BDP-hzd) assay that em-
ploys a fluorescent BODIPY dye as reporter unit. In both assays, the aldehyde particles were
conjugated with hydrazine-bearing labels (differing in size and signal read out) by forming
hydrazone bonds. Unspecific adsorbed and unbound reporters could be easily separated
by washing. Subsequently, the particle-bound reporter molecules were chemically cleaved
off with TCEP for the PDPH assay and with formaldehyde to shift the equilibrium to the
cleaved BODIPY reporter to guarantee quantitative release for the BDP-hzd assay. Quan-
tification of the cleaved reporter was performed optically in the supernatant after removal
of the particles by centrifugation. Due to the sensitive fluorescence-based detection of the
released reporter, this assay is especially useful in quantifying low aldehyde densities on
small sample quantities. Comparing the results obtained with both assays to the amount
of the bead-bound model protein streptavidin following reductive amination reveals a good
correlation between the aldehyde and protein-labeling densities. However, differences in the
absolute amount of streptavidin, quantified with the BCA assay, and the cleavable reporters
utilized in the assays, underline the importance of label size and charge for surface group

quantification methods.

In summary, the systematic investigation of different substituent patterns of the AIE dyes
showed that substituents affecting the molecule’s planarity can influence the AIE behavior
significantly. It was also shown that AIE dyes can also be entrapped in preformed PSP.
This enables high dye loading concentrations and optimizes AIE dye fluorescence features.
A reliable quantification of accessible FGs on simple and encoded PSP can be achieved with
cleavable reporters in catch-and-release assays. The application of this strategy to particles of
different material composition such as PNP and MSN as well as FGs such as amine, carboxy,

and aldehyde showed the versatility of these assays.
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4 Synopsis of the Results, Conclusion & Outlook

To extend the cleavable probes strategy, we are currently evaluating cleavable reporters
with fluorescent groups and fluorine-containing reporter parts, which allow for surface group
quantification with optical assays, elemental analysis, ICP-OES, gqNMR, XPS, and reference-

free total reflection X-ray fluorescence.
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