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1 Introduction

Biomolecules are chemical compounds present in living organisms. They play an important
role in biological and biochemical processes. Because they are fundamental building blocks, their
presence and proper concentrations are critical for the structure and normal functioning of living
cells. Any variation in the concentration of specific biomolecules may cause cells and organisms
to malfunction. Therefore, accurate measurement of the concentration of specific biomolecules,

are indispensable to monitor the health of living organisms.

State-of the art analytical techniques for the quantitation of small and macromolecular
biomolecules are based on chromatography-mass spectrometry, and ligand-binding assays®=.
While the former requires highly sophisticated instruments, the latter approach uses fragile
antibodies of biological origin, which are costly to develop and have short shelf-life.

Currently, there is a lot of interest in developing selective capturing or simple and fast
sensing methods for the determination of biomolecules in vitro or in vivo. Sensor molecules are
capable of selectively recognize the target analyte, thereby producing a simultaneous change of a
physicochemical signal. By far the most frequently applied signalling scheme is luminescence

owing to its high sensitivity and selectivity.

In my thesis work, my goal was to develop a novel luminescent Ln*3-complex bio-probe
based on Europium (I11)-8-allyl-2-ox0-2H-chromene-3-carbaldehyde (AOCC) complex for the
detection of various kinds of N-acetyl amino acids, nucleotides, nucleosides and DNA. These
biomolecules can bind with the Eu-(AOCC) complex and give a quenched luminescence signal
enabling their selective measurement. (Paper I.)

Polymer nanoparticles are also extensively investigated as capturing devices/sorbents to
bind biomolecules with high affinity and selectivity, due to their extremely high surface area and
highly variable chemical structure. Our group has been focusing on the research of molecularly
imprinted polymers since two decades, the emphasis being on protein-imprinted polymers, lately.
The difficulties of protein imprinting, such as the hindered diffusion of the template in the
crosslinked network are planned to be solved by imprinting in very thin, lightly crosslinked
polymer layers. To achieve high binding capacity a nanoparticle format is envisioned, using a

magnetic core for ease of separation. In order, to increase the selectivity, special functional
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monomers are to be introduced that can bind the target analytes with high affinity. In order to
achieve thermocontrolled binding and release of the analyte, a NIPAm-based hydrogel is to be
used that shows good compatibility with protein imprinting. In my thesis work, | have set out to
address specific parts of these general goals, and to develop enabling tools for the use of MIPs for

protein recognition.

My aim was to alter the polymerization conditions of poly(N-isopropylacrylamide-co-N-
tert-butylacrylamide-co-acrylic acid) nanoparticles (PNPs) that have been earlier used for the
selective, thermocontrollable binding of lysozyme* (without imprinting), to adapt it to the
requirements of protein imprinting. | have set out to optimize the initiator system to allow for
polymerization at room temperature and without the use of surfactants. Two redox-initiator
systems that allow low temperature polymerization were compared to the originally used thermal
initiator. It was also of interest, how these different initiator systems influence the microstructure

and lysozyme binding properties of the PNPs. (Paper 11.)

Using the knowledge, obtained in the polymerization of lysozyme-selective PNPs, my goal
was to build a thin layer of the multifunctional thermoresponsive hydrogel shell on magnetic
nanoparticles using controlled polymerization (Lys-PMNP). The magnetic core facilitates the
isolation of the nanoparticles and a sample pretreatment method could be elaborated to selectively
extract lysozyme from human urine samples. Also, my aim was to demonstrate the analytical
applicability of such nanoparticles Lys-PMNPs for the clinical assessment of lysozymuria by
bioanalytical method validation. (Paper I11.)

In order, to facilitate the quantitation of proteins by the use of selective nanoparticle
adsorbents, and to avoid the time-consuming separation step, my goal was to develop a novel
separation-free method to study protein-polymer nanoparticle interactions. The method is based
on fluorescence anisotropy measurement using a long-lifetime Ru-complex for labelling the
protein. The new fluorescence anisotropy measurement can be used for the quantitation of proteins
in competitive ligand binding assay and can also give thermodynamic and kinetic information on

the nanoparticle-protein binding event. (Paper 1V.)
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2 Background

2.1 Biomolecules

Biomolecules play an indispensable role in all life processes, moreover in business areas including
pharmaceuticals, nutritional, and health products, bio-based materials, and crop protection
chemicals. They are ranging from small molecules like primary metabolites and natural products
to large molecules like proteins and complex carbohydrates (Figure 1). Because of the critical
roles of such biomolecules, significant efforts have been focused on developing rapid, simple,
cheap, and sensitive recognition methods for them. In the next sections (2.1.1-2.1.3) biomolecules,

that | have worked with during my Ph.D., are briefly introduced.

\/Carbohydrate

Figure 1: Different types of biomolecules present in living organisms®

2.1.1 Lysozyme
Lysozyme is a relatively small protein (MW: 14.3 kDa), consisting of only 129 amino acid
residues and having an isoelectric point of 11.0.

12



Also named N-acetylmuramide glycanhydrolase or muramidase, it is an enzyme that
damage bacterial cell walls by catalyzing the hydrolysis of 1,4-beta-linkages between N-
acetylmuramic acid and N-acetyl-D-glucosamine residues in peptidoglycans. Due to this property,
lysozyme is called the body’s own antibiotic®. It has many pharmaceutical and physiological
functions, such as anti-tumor, anti-inflammatory, anti-histaminic, immune-modulatory, and anti-

viral activity’.

The concentration of lysozyme in different body fluids shows a significant variation 8. It is
highly abundant in secretions such as tear, human milk, gastric juice, pus, and nasal mucus, and it
can also be found in saliva, sperm, and serum. Lysozyme is found in minute levels in urine, bile,
and cerebrospinal fluid 8. The normal range in urine is less than 1 mg/L®1° whereas the normal
range in serum is 6-14 mg/L, albeit it should be noted that different reference intervals were

obtained using various analytical methods**.

Since it is a ubiquitous protein in cells, any change in the lysozyme level in human urine
or serum can be used as the clinical index for the diagnosis of health problems; for example, high
serum levels of lysozyme might be associated with pathological conditions like rheumatoid
arthritis!* and Crohn’s disease!’. Elevated urine and serum concentrations are observed in
urogenital tumors®® and renal dysfunction® and extremely high serum (5-230 mg/mL) and urinary
(up to 1600 mg/L) concentrations are observed in monocytic and myelomonocytic leukemia %12,
Urinary lysozyme levels have differential diagnostic value in monocytic or myelomonocytic

leukemia and can be used to follow the patient’s response to cancer therapy.

2.1.2  Nucleic acids and their building blocks

Purine and pyrimidine bases and their nucleosides and nucleotides are involved in
numerous biochemical processes, and they play an important role in cell metabolism as
monomeric precursors of RNA and DNA. Their determination is very important in many
areas like clinical analysis®® or food'* and beverage analysis'®. Detection of DNA is significant

for disease diagnosis and gene therapy 6-2,

2.1.3 N-acetyl amino acids
N-acetyl amino acids are important small biomolecules. N-acetyl aspartic acid (NAC-asp)
IS present in very high concentrations in mammalian brain. It is used as an index to determine

changes in brain metabolites and as a marker for neuronal death and neuronal injury?2.
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N-acetyl-lysine (NAC-Lys) plays an essential role in biochemical processes such as protein
regulation, cancer, gene expression, inflammation and amongst socially and medically important

diseases and conditions like addiction®®2°,

N-acetyl histamine and N-acetyl histidine are frequently used ligands to mimic the binding
properties of imidazole residues of proteins. The importance of this residue as metal-binding site

in biological systems is well recognized?® .

2.2 Conventional methods for the analysis of biomolecules of interest
Small biomolecules are most commonly quantitated from biological, food and related
samples by chromatographic techniques that can separate the analytes of interest from the

complicated sample matrix.

Various methods have been described for the determination of nucleoside and nucleotide
concentrations in cells?’° biological samples®*3® or milk®** such as LC/MS/MS, LC/MS and
HPLC Chromatographic techniques®’, (13)C magnetic resonance spectroscopy (MRS)
technique® or enzymatic techniques® are used for NAC-Asp measurement. GC-MS is used for
NAC-Lys quantitiont, while HPLC is used to determine NAC-him and NAC-his**4!,

These methods offer good limits of detection and wide linear ranges. However, they need
complicated and expensive instrumentation and labour-intensive sample preparation. Traditional
methods for the quantitation of the biomacromolecule, lysozyme in clinical samples are based on
enzyme activity measurements, originally developed by Smolelis*?. These utilize the lytic action
of lysozyme on the cell walls of Micrococcus lysodeikticus and the clearing rate of the originally
turbid bacterial suspension is measured. Using the same principle, an agar plate (lysoplate) method
with a much wider concentration range has been elaborated by Osserman and Lawson and got
widespread use in clinical laboratories®?. These methods, however, depend on the activity of
lysozyme which is not easily correlated to its concentration. They have narrow dynamic range and
need a strict control of pH, temperature, and ionic strength. In addition, the presence of interfering
substances might cause denaturing of lysozyme and this can lead to inaccuracies in
quantification**. Radio-*, enzyme!!, luminescent*® and microparticle-based nephelometric*®
immunoassays for lysozyme provide extremely high sensitivity and selectivity for the analysis of

clinical samples. These methods, however, rely on the use of fragile antibodies, which are
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expensive to produce and are very sensitive to environmental conditions like pH, temperature and
solvent. Other conventional methods, such as two dimensional gel electrophoresis*’ do not have

the sensitivity and resolution to detect and quantify low abundance proteins.

In spite of the relatively high sensitivity and resolution of modern mass spectrometers, they
are incapable to detect low abundant proteins which are masked by more abundant proteins. An
extra step in samples preparation should be introduced to deplete high abundant proteins using
commercially available immunoaffinity depletion columns. After this, fractionation is performed
by chromatography or capillary electrophoresis. However, the removal of abundant native high
molecular weight proteins can significantly reduce the yield of low abundance proteins, the vast
majority of which are non-covalently and endogenously associated with the carrier proteins that

are being removed*®.

2.3 Novel approaches to the analysis of small biomolecules

Luminescence spectroscopy is a primary research tool in biochemistry and biophysics. It is
a dominant methodology used extensively in medical diagnostics, biotechnology, genetic analysis,
flow cytometry, DNA sequencing, and forensics. Luminescence measurements are very sensitive,

and there is no need to handle radioactive tracers for biochemical measurements*®°C,

Luminescent sensors are successful tools to monitor in vitro or in vivo biologically relevant
species due to their high sensitivity and simplicity. Therefore, the development of luminescence
sensors for the recognition and measurement of small biomolecules has attracted remarkable
interest within the last few years®. A current research trend for the selective measurement of
biomolecules is to design luminescent sensor molecules that can selectively recognize them and
give an optical signal®?. Among them lanthanide complexes are very popular, because they have
unique properties.

2.3.1 Luminescence of lanthanide complexes

The use of f-f emissions from lanthanide ions is of special interest in the last decades due
to their sharp emission lines in the visible/near IR region, large Stokes’ shift and long lifetimes (in
us to ms range) compared to that of organic dyes (in ns range)®3. The spectra of lanthanides come
from the shielded 4f transitions by the filled 5s?5p® subshells, and they are almost insensitive to
the chemical environment of the lanthanide ions. The long lifetime is due to the partially forbidden
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f-f transitions according to the Laporte selection rule>*, which also causes the weak absorbance of
the lanthanide ions. The long lifetime of the excited states allows the use of time resolved detection,

which is a definitive asset for bioassays®>°® and luminescence microscopy®’.

2.3.2 Mechanism of antenna lanthanide formation

To enhance the absorbance and thus the emission intensity of f-f transitions, the Ln®" ions
are coordinated with organic ligands (chromophore). These ligands were called by Lehn *8 as
“antennas”, which act as sensitizers. This process was first discovered by Weissman, who noticed
that energy transfer took place from the coordinated ligands to the central metal ion, which resulted
in increased emission intensity °>®°, Sensitized luminescence of a lanthanide complex involves the
following steps: 1) the organic ligand absorbs energy and excited from the ground singlet state (So)
to the singlet excited state (S1). Ligands have several singlet excited states and nonradiative
relaxation from these higher singlet states to the lowest singlet state occur via internal conversion.
2) The excited singlet state decays nonradiatively to a ligand triplet state via intersystem crossing.
Nonradiative energy transfer pathway from the triplet state of the ligand to the excited states of the
Ln3* ion with subsequent radiative transition to the ground state of the Ln** ion®1:52 (Figure 2Hiba!
A hivatkozasi forrds nem taldlhato.).

Among all lanthanide metal ion, Eu®* and Tb®* are only ones that have sizable quantum
yields and long-lived luminescence lifetimes (0.1-1ms) desirable for commercial applications in
biotechnology®®. A high-efficiency Th* complex was developed and used in several commercial
assays (Lumi4-Tb™, Lumiphore) and Eu**complexes based on a different ligand system now also

show similar high efficiency®"6364,
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Figure 2: A simplified Jablonski diagram representing sensitized lanthanide complexes (antenna effect).
Abbreviations S = singlet; T = triplet65.

The ligand selected is most commonly an aromatic or heterocyclic moiety with a
conjugated m-system that can absorb the excitation energy and donate it to the Ln®" ion. Ln®*
complexes containing the B-diketonate ligand, in which the oxygen binds with the Ln3* ion, are
the first reported examples that demonstrated very efficient antenna effects®>®7, Recently, the
chemistry of lanthanide diketonates and their application have been the object of excellent

reviews®6568,

Another ligand that demonstrated available m-systems is diphosphane dioxide®. The
phosphane oxide group forces hydrogen atoms to be removed from the surroundings of the Ln**ion

allowing for more efficient energy transfer.

Coumarin-derived ligands with a chelating site, analogous to  diketonates, can also be used.
Coumarin derivatives with various structures are known as analytical reagents and they have been
the object of investigations for their physiological, photodynamic, anticoagulant and anticancer
activity’®. Complexes of some coumarins with lanthanides like La, Pr, Sm, Eu*"%, Gd, Tb"3, Dy,
Y, Ce and Nd have shown interesting properties’®. Anticoagulant and antifungal studies indicate
an enhancement of the ligand activity on complexation, particularly with lanthanides’". Hussein
et al. used bis (coumarin-3-carboxylic acid) with Th or Eu metal ion to synthesize a luminescent

probe for the detection of organophosphorus or organochlorine pesticides’®. Azab et al. complexed
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3-0x0-3H-benzo-[f]Jchromene-2-carboxylic acid (BCCA) as a ligand with Eu and used the probe
for the detection of nucleosides (guanosine, inosine, adenosine and cytidine), nucleotides (5 -ATP,
5-GMP, 5'- IMP) and CT-DNA’. They found that the ligand enhanced the emission intensity of
the lanthanide ion considerably. The stoichiometry of the complex was 1:2. The luminescence of
the Eu(I1l)-BCCA complex was quenched by inosine, cytidine and guanosine, but not by

adenosine. The nucleotides also showed some quenching effect.

2.4 Novel approaches to the analysis of proteins

Emerging techniques for protein (including lysozyme) measurement in biological samples

apply antibody-"88, aptamer®!, MIP® or nanoparticle-based biosensors®3.

Alternatively, core-shell polymer nanoparticles are explored as selective protein extraction
sorbents in the sample clean-up process of biological and food samples. The carefully chosen
polymer shell can serve multiple purposes. First of all, it increases the stability and prevents
aggregation of the nanoparticles®4. Moreover, it can lend selectivity to the sorbent material, as well
as high affinity towards a predefined target protein. These artificial “receptors” are easy and cheap
to prepare and are more resistant to environmental conditions than antibodies. There are two
approaches to impart selectivity and high affinity to the polymer: (i) molecular imprinting® and

(ii) the use of monomers with carefully selected functional groups in optimized composition®®.

2.4.1 Protein selective polymer by molecular imprinting

Molecularly imprinted polymers (MIPs) are smart materials that display remarkable
recognition properties. The molecular imprinting technique has attracted much attention in the past
decades as an attractive alternative to antibodies that have the ability to recognize and, in some
cases, respond to biological and chemical agents of interest. Molecular imprinting involves the
polymerization of functional monomers and a crosslinker monomer around a template. The
removal of the template leaves behind recognition sites with the function, size, and shape
complementary to the template. MIPs exhibit high affinity and selectivity for a given target. They
display significant advantages such as: (i) ease of preparation, low cost and reusability, (ii)
predictable specific recognition and (iii) good physical and chemical stability at extreme pH values

and temperatures®’.
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However, to date, most of the successes in molecular imprinting have been achieved with
small target molecules of simple conformation®”-, whereas the imprinting of biomacromolecules
like proteins has proven very difficult®. The traditional, highly crosslinked, rigid polymer network
cannot be used for the imprinting of large proteins, because they are entrapped in the polymer
matrix restricting the template removal, as well as the rebinding. Other problems include the
complex structure and flexible conformation of proteins which can lead to heterogeneous binding
sites and reduced selectivity. Due to the instability of proteins in organic media (traditionally used
in small molecule imprinting) polymerizations have to be carried out in agqueous solution with

hydrophilic monomers®-%,

To resolve the difficulties connected to the large size of the template, surface-imprinted
core-shell nanoparticles have been proposed as a viable strategy for protein imprinting®3. Surface
imprinting of proteins on NPs with an ultrathin polymer coating can effectively, improve the mass
transfer thereby reducing permanent entrapment of the protein template, and permitting fast
rebinding of the target protein.

For example, Gao et al®* synthesized a thin MIP layer coated onto FesOs NPs with the
sol—gel process, using covalent template immobilization on the surface of the magnetic NPs. Four
proteins, BSA, bovine hemoglobin (BHb), bovine pancreas ribonuclease A (RNase A) and
lysozyme (Lys) with different isoelectric points were chosen as the templates. In comparison with
Lys, BSA and RNase A, BHb-imprinted FezO4 showed the best imprinting effect and the highest
adsorption capacity. The as-prepared core—shell FesOs@MIPs were applied to deplete highly
abundant proteins from bovine blood samples. The resultant Fe304@BHb-MIPs NPs could
selectively extract BHb from a real sample of bovine blood.

Su et al® prepared MIP coated magnetic NPs, for bovine hemoglobin (BHb) as the template
protein. The polymer layer was prepared by using methacrylic acid (MAA) and itaconic acid as
functional monomers and BIS as a crosslinking agent.

Li et al.*® synthesised surface imprinted polymer coated magnetic NPs for Lys. The
thermoresponsive monomer, 2-(2-methoxyethoxy)ethyl methacrylate, a chelating monomer N-(4-
vinyl)-benzyl iminodiacetic acid and an acidic monomer, MAA were selected as the ingredients
for preparing the MIP layer. Four proteins, BSA, Cyt c, pepsin (Pep), and myoglobin (Mb),
differing in molecular weight (MW) and isoelectric point (pl) were used to test the selectivity of
the imprinted nanoparticles. They showed high selectivity for Lys. Larger proteins, including Pep
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(pl = 1.0, MW = 35 kDa) and BSA (pl = 4.7, MW = 66.4 kDa), were difficult to capture because
the imprinted sites were less accessible for them. For electrically neutral protein Mb (pl = 6.8, MW
= 16.7 kDa), the low adsorption capacity resulted from the absence of the electrostatic interaction
in the capture process. The distinct adsorption capacity between Lys (pl = 9.3, MW = 14.4 kDa)
and Cyt ¢ (pl =10.7, MW = 12.2 kDa) was explained by the different hydrophobicity of the two
proteins. On the basis of the above observations, multiple interactions with the target protein
played important role in the selective capture process.

Jing et al. synthesized Fe3O4 nanoparticles by a co-precipitation method and then coated
them with a thin hydrophilic stimuli-responsive MIP film using lysozyme as a template. The MIP
was prepared from MAA and acrylamide as functional co-monomers, and BIS as a cross-linker.
They used the MIP nanoparticles for the pre-concentration and purification of Lys from human
serum samples. A sensitive chemiluminescence method was developed for the determination of
lysozyme after sample preparation. Selectivity studies revealed that compared to Cyt ¢, RNase A
and BSA the MIP had the highest adsorption capacity for lysozyme®’.

Zhang et al. prepared core-shell magnetic nanoparticles for Lys recognition®. They,
covered magnetite NPs with thermoresponsive poly(NIPAam-co-styrene-4-sulfonate). This
artificial receptor was successfully applied to the rapid capture and release of lysozyme in human
serum. The electrostatic interactions between the positively charged lysozyme and negatively
charged sulfonate moiety of the copolymer, and the hydrophobic interactions between lysozyme
and the polyNIPAm backbone, enabled specific binding and rebinding of lysozyme. Five proteins
with different isoelectric point and molecular weight, including Pep, trypsin, chymotrypsin, HSA
and glucose oxidase, were selected as competitors to evaluate the selectivity of the proposed

artificial receptor.

2.4.2 Protein-selective polymers with optimized functional groups

There are a few publications in the literature on the design and synthesis of protein-
selective linear polymers or crosslinked polymer nanoparticles whereby selectivity to a defined
target protein is imparted by special monomers, bearing functional groups that complement protein

domains.

Shea’s group designed lightly crosslinked poly(N-isopropylacrylamide) (PNIPAmM)
nanoparticles composed of various functional monomers, each of them targeting different amino

acid residues on the protein surface. The NP exhibiting the highest affinity for the target protein,
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have been chosen from a small library with various monomer compositions. Using N-tert
butylacrylamide (TBAm) as a hydrophobic monomer and acrylic acid (AAc) as a negatively
charged monomer in an optimized ratio, selective binding to lysozyme was achieved®. In a similar
approach, the optimized NP composition that selectively bound the Fc domain of 1gG was 40%
TBAmM, 38% NIPAmM, 2% BIS and 20% of AAc®. Polymer NPs with nanomolar affinity to a
vascular endothelial growth factor (VEGF165) were realized by incorporating 1.7% of a trisulfated
N-acetylglucosamine (3,4,6S-GIcNAc) monomer and a hydrophobic group, TBAm, in a 2%
crosslinked NIPAm copolymer.’?® By incorporating N-(3methacrylamidopropyl) guanidinium
chloride into the PNIPAmM backbone, a high affinity synthetic polymer NP was engineered that
could selectively extract fibrinogen from plasma'®. They also synthesized a series of polymer
hydrogels containing hydrophilic acrylamide and NIPAm, negatively charged AAc, positively
charged (3-acrylamidopropyl)- trimethylammonium chloride and N-(3-aminopropyl)-
methacrylamide and hydrophobic TBAm with different monomer ratio and screened them for

binding to three epitopes of Bacillus thuringiensis (Bt) CryLAb/Ac proteini®,

Liotta’s group have developed poly(NIPAm)-based hydrogel nanoparticles for biomarker
discovery with an optimized crosslinker content, thereby endowing the particles with molecular
sieving properties. Large molecular weight high-abundant proteins were excluded from the
particles, while low-molecular weight proteins could be sequestered by them. By incorporating an
appropriate functional monomer, called a “bait” into the particles, they could selectively uptake
proteins showing high affinity to the “bait”. They have demonstrated that the sequestered proteins
were preserved from enzymatic degradation, even if the enzyme was also uptaken by the
nanoparticles. They used AAc as a “bait” for positively charged proteins, like lysozyme!®,
Cibacron Blue F3G-A for human growth hormone!® and numerous amino-containing organic dyes
for different low abundant peptides and proteins'®. Using the nanoparticles in biological samples
10,000 pre-concentration of some low-abundunt proteins could be achieved enabling mass
spectrometry or immunassay based quantification of candidate biomarkers that were previously

undetectable!?6107

Schrader and his group have designed relatively simple linear polymer structures for the
affinity binding of proteins. They synthesized a set of simple methacrylamide-based co-monomers,
which were capable of recognizing all basic, acidic, polar, aromatic, and nonpolar amino acid
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residues of a protein. From this set, co-monomers, complementary to the characteristic surface
patches of the target protein were copolymerized in an estimated appropriate stoichiometric ratio.
These water-soluble linear chains showed remarkable affinities for arginine- and lysine-rich
proteinsi®. Later they incorporated the functional monomers into a poly(NIPAm) backbone using
reversible addition-fragmentation chain transfer (RAFT) polymerization to achieve better control
over the polydispersity of the material and better accessibility of the functional groups'®. In
another work they have chosen linear copolymers that efficiently inhibited different proteases from
a combinatorial library involving amino-acid-specific, water-soluble, hydrophobic and spacer

monomers10,

Although the approach is not general as the above cited works, Kulkarni et al. reported the
use of NIPAm-based linear copolymers containing polymerizable ligands with acetylamido groups

for the affinity binding of lysozyme!!?,

2.5 Poly(N-isopropylacrylamide) gels and microgels

As the above examples show, many groups used poly(N-isopropylacrylamide) (pNIPAmM)
to prepare protein selective polymers because of its unique properties*9®112-114 PNIPAmM belongs
to the family of thermally responsive polymers, and among them it is the most widely studied,
because it abruptly changes its solubility in water at 32 °C, near to body temperature'’®. It attracted
a greatly expanding interest, since Pelton and Chibante in 1986 synthesized pNIPAmM microgels
with a size of several hundred nanometers to several microns by copolymerizing NIPAm with
N,N'-methylene- bis-acrylamide (BIS) in water at temperatures above the lower critical solution
temperature (LCST) of NIPAmM*2, They subsequently showed that it is possible to synthesize gel
particles having a diameter of several tens of nanometers by polymerizing the particles in the
presence of a surfactant!!®'7_ Since then, an enormous number of papers were published related
to the application of pNIPAm microgels*18-123 They are hydrophilic and strongly hydrated in
solution, but become hydrophobic above their volume phase transition temperature (VPTT), where
a coil-to-globule transition takes place from a swollen to a shrunken state'?* (Figure 3). It has been
shown that the swelling/shrinking behavior can be strongly affected by solvents'?, salt
concentration'®® and the number and distribution of cross-linking points'?”'?® or by the

introduction of co-monomers into the pNIPAm network?°,

22



A wide range of monomers can be readily co-polymerized into pNIPAm particles, therefore
the VPTT can be easily fine-tuned and responsiveness to pH ionic strength'®!, light*2 and the

presence of specific molecules! can be introduced.
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Figure 3: Chemical structure and conformational changes in PNIPAm microgels at the VPTT in aqueous
solution.

For example, Kokufuta et al. have synthesized polyampholyte microgels by the
incorporation of anionic AAc and cationic 1-vinlyimidazole into BIS-crosslinked pNIPAmM and
studied the inter- and intraparticle interactions as a function of temperature, salt concentration and
pH?4135  Debord and Lyon®® also synthesized multifunctional microgel particles by the
copolymerization of NIPAm with monomers having positively charged, negatively charged and
hydrophobic functional groups in the presence of BIS crosslinker. Incorporation of increasing
amounts of the hydrophobic TBAm into the pNIPAmM backbone lowered the VPTT from 32 °C to
approximately 11 °C. Furthermore, due to the incorporation of acrylic acid units, the microgels
exhibited a phase transition at acidic pH values, while under basic conditions, the phase transitions

was shifted to higher temperature or was absent.
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The unique properties of such PNIPAmM microgels was exploited by the Shea group. By
careful optimization of the monomer composition they designed high affinity multifunctional
polymer nanoparticles for the selective capture of lysozyme*. The thermoresponsivity of the
PNIPAm particles allowed autonomous switching to the collapsed state above their VPTT, where

they encapsulated the protein preventing it from denaturation upon thermal stress 7.

2.5.1 Synthesis of poly(N-isopropylacrylamide) microgels

Various polymerization methods to prepare pNIPAm microgels include free-radical
precipitation copolymerization in the presence of surfactant!!®, surfactant-free precipitation
polymerization (SFPP)1®  precipitation polymerization in reverse micelles®*®, dispersion

polymerization*, block copolymerization®*!, and interpenetration networks42143,

Among these, aqueous free-radical precipitation polymerization is the most flexible in
terms of reagent purity, experimental conditions, and choice of monomers. This method is very
attractive because it is compatible with a wide range of monomers carrying different functional
groups.

2.5.2 Initiation of the polymerization

The most frequently used initiator during aqueous free-radical precipitation polymerization
of pNIPAM microgels is ammonium or potassium persulfate. The polymerization is carried out at
60 to 70 °C, where decomposition of the persulfate anion is fast. During decomposition two

identical radicals are formed eq (1):
[0:SO-0S0;)> = 2 [SO.]- (1)

The high temperature required for the fast decomposition of the persulfate initiator can be
alleviated by applying an activator. Tetramethylethylenediamine (TEMED) is widely used with
persulfate as a redox pair to initiate the polymerization of acrylamide hydrogels at room
temperature, and has been introduced for the preparation of pNIPAmM microgels as well, by Lyon
et al. . To clarify, how TEMED can produce the initial free radical in the reaction with
ammonium persulfate (APS), Feng and his co-workers used spin trapping technique and ESR
spectral®®. The following initiation mechanism of the APS/TEMED system was proposed via
contact charge transfer complex and cyclic transition state (Figure 4). It was found that the free

radicals 1, 2 and 3 are responsible for the initiation of the polymerization.
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Figure 4: Initiation mechanism of the polymerization with the system APS/TEMED.

Another, less frequently used reducing agent in combination with APS is sodium bisulfite

(NaHSOs, SBS)!8. The primary step in this redox system has been thought to be ineq  (2) 14

S$205” + HSO3" — SO4* + SO4™* + HSOs" )
Both the sulfate radical-ion and the bisulfite radical can initiate the polymerization, introducing,

sulfate and sulfonate end groups into the polymer, respectively eq (3). The following side
reactions, in which the radicals are transferred and recombine eq (4), have been postulated:

SOs* + HSOs” — SO.Z+ HSO3 @3)
2HSO3 " — H2S,06 (4)

2.6 Iron oxide magnetic nanoparticles

Combined use of polymeric materials with magnetic nanoparticles (MNPs) are intensively
explored in biomedical applications like imaging, drug delivery and tissue engineering4®4° and
in bioanalysis® . In the latter field the high specific surface area of the nanoparticles combined
with the ease of separation due to their superparamagnetic properties makes them excellent

candidates as sorbent materials for the separation and enrichment of proteins %2, There are many
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publications on the design and synthesis of MIP coated MNPs for the extraction of

biomacromolecules from biological samples>317

The superparamagnetic magnetite (FesOs) is the most commonly used iron oxide because of
its ease of synthesis, high biocompatibility, low cost and toxicity*>®-16! and its unique electric and
magnetic properties'®?1%3, The term “superparamagnetism” is used to infer an analogy between
the behavior of the small magnetic moment of a single paramagnetic atom and that of the much
larger magnetic moment of a nanosized magnetic particle which arises from the coupling of many
atomic spins®®+1%°, After cessation of the magnetic field, the particles no longer show magnetic
interaction; a feature that is important for their usability!®®1%”, They attracted much attention in
biological and biomedical applications!®1%° such as cell separation and hyperthermia 1’°. They are
used as contrast agents in magnetic resonance imaging (MR, in targeted drug delivery™,
catalysis "2, analytical chemistry?®*, and environmental applications*®14, Magnetic separation
with superparamagnetic nanoparticles has several advantages in comparison with standard
separation techniques used in various areas of biosciences. The magnetic separation is usually
gentle and non-destructive to biological analytes such as proteins or peptides, and even large
protein complexes which tend to be broken up in process of traditional column

chromatography may remain active!5152160.175,176

2.6.1 Synthesis of magnetite (FesO4) MNPs
The applicability of magnetite nanoparticles depend on the preparation method, because it
influences particle size and shape, stability, biocompatibility, crystallinity, and magnetic

properties® 177179,

Many synthetic routes are available for the synthesis of magnetite NPs. Thermal
decomposition®:182  microemulsion®, sonochemical®®*, sol-gel*®®, co-precipitation!®, and
hydrothermal/solvothermal®®”88 methods have been employed to synthesize MNPs. Each synthesis

method has its advantages and disadvantages'®® (Table 1).

Table 1: Different synthesis methods of MNPs with respective advantages and disadvantages®.

Method Advantage Disadvantages Ref
Thermal High yield, good control over Toxic solvents, high reaction 190
decomposition shape and size temperature
Microemulsion Thermodynamically stable, control of Low yield, time consuming and large 191
synthesis particle size, highly homogeneous amounts of solvent

required

26



https://www.sciencedirect.com/topics/chemistry/column-chromatography
https://www.sciencedirect.com/topics/chemistry/column-chromatography

Sonochemical Narrow size distribution, high Mechanism is still not well understood
reaction crystallinity, high saturation
magnetization

192

crystallinity and aggregation

Sol-gel method Good crystallinity, highly pure, precise Toxic and expensive organic solvents, | 1%
control over size and structure longer time

Hydrothermal/ Good crystallinity, Easy to control Needs high pressure and temperature, 84

Solvothermal particle size and shape and long reaction time

Co-precipitation Simple, large quantity Wide size distribution, poor 104

Among the different techniques, the co-precipitation and the hydrothermal/solvothermal
methods are the most popular. They produce crystalline MNPs with controlled size and
morphology at a reasonable cost and good yield. In addition, no post-synthesis heat treatment is

required in these techniques.

2.6.1.1 The co-precipitation method

The first controlled preparation of superparamagnetic iron oxide particles using alkaline
precipitation of FeCls and FeCl, was performed by Massart in 1981, The chemical co-
precipitation synthesis method is convenient, cheap, fast, and gives high yield, meeting the
demands for the preparation of aqueous dispersed FesOs NPs. This method offers a low-
temperature alternative to conventional powder synthesis techniques and the size of the

nanoparticles can be well controlled by surfactant!®°,

Chemical co-precipitation produces high-purity, fine (particle size 5-20 nm*®®), stoichiometric

particles!®’ .

In the co-precipitation method weak or strong inorganic bases such as NH4sOH, KOH,
NaOH or Na2COj3 are added to Fe?* and Fe®* salt mixture to form FesO4 NPs. Fe(OH). and Fe(OH)3
forms in alkaline medium (pH > 8) by the hydroxylation of both ferrous and ferric ions under inert

atmosphere 1%, Then black precipitation of Fes04 NPs occurs as follow in eq (5):

5
2Fe3* + Fe?" +80H — F6304l@+ 4H,0 ®)

The reaction is not direct, it proceeds through the formation of some iron complexes as follow in
eqs (6,(7(8(9):

Fe3* + 30H" — Fe (OH)s (6)
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Fe (OH)s — FeOOH+H;0 (7)
Fe?" + 20H — Fe(OH), (8)
2FeOOH + Fe(OH)z—> FesOs+2H20 9)

The particle size and shape, as well as the polydispersity of the NPs can be tailored by
changing the Fe?*/Fe®* ratio, the base, ionic strength, type of anion, the temperature, pH, the

dosing of the basic solution and the stirring rate 817819719

The disadvantage of the chemical co-precipitation method is the tendency of the particles to
agglomerate very fast. This is due to the tiny particle size, leading to large specific surface area

and high surface energy.

2.6.1.2 The solvothermal method

The solvothermal method offers a powerful means to control the size and morphology of
the nanostructure®®®. By this technique, MNPs prepared at higher hydrothermal/solvothermal
temperatures and have better crystallinity than the ones produced by the co-precipitation method.
The morphology and size of MNPs can be controlled by several chemical parameters such as
surfactant, reaction time, protective reactions, iron levels, etc®*. For example, Deng et al. have
successfully fabricated FesO4 microspheres by using solvothermal method, in which NaOAc was
used a precipitating agent, ethylene glycol (EG) as a solvent and polyethylene glycol as a
surfactant and the diameter of nanoparticles could be varied from 200 to 800 nm*®’, Huang et al 1%
produced Fez04 with a particle size between 450 and 750 nm by the solvothermal method. Also,
Yan et al?® synthesized Fe3O4 nanoparticles with sizes between 15-190 nm using SDS and PEG

as protective agents.

The solvothermal method is based on the principle of heating a metallic salt solution in a
suitable solvent in an autoclave in the presence of other substances, such as reducing or nucleating

agents and surfactants.
The reaction proceeds in 3 steps®%:

(1) Tron (I11) chloride and sodium acetate dissolved in ethylene glycol produce Fe(OH)s. The
average size of the MNPs depends on the concentration of sodium acetate in the reaction mixture
eq (10):
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FeClz*6H20(s) +3CH3COONa(s) +C2HsO:2 (I) —Fe(OH)3(s) +3NaCl(s)+3CH:COOH(l) + (10)
C2Hs02 (1) +3H20(1)
(2) By heating the reaction mixture to 190°C, close to the boiling point of ethylene glycol, (197°C),
it acts as a reducing agent to produce iron (1) hydroxide eq (11):

Fe(OH)as(s) +C2HsO2 (I) =Fe(OH)2(s) +C2H4O(I) +H20(1) +OH" (11)

(3) Then, Fe(OH)s and Fe(OH)2 react in a 2:1 molar ratio at higher temperature to form Fe3Os NP
eq (12):

2Fe(OH), (5) + Fe(OH) (s) — FesOal Q@+ 4H:0 (12)
°0

2.6.2 Surface modification of magnetite MNPs

The main drawbacks of MNPs are agglomeration and a lack of affinity for biomolecules.
Agglomeration can be related to the large surface-to-volume ratio of the MNPs resulting in high
surface energy. Aggregation is caused by the attractive van der Waals forces between the
particles?®. Moreover, MNPs have high chemical activity and are easily oxidized in air or dissolve
in acidic medium, resulting in the loss of magnetism and dispersibility. Surface modification of
MNPs will prevent these undesired reactions and also agglomeration through either electrostatic
repulsion or steric stabilization.

Inorganic materials (silica?® or gold?®*) and organic substances such as chitosan®®,

206 208

glucose?®, carboxylic?®” and aminopropyl groups?® and polymers!*® can be used to modify the

surface of MNPs.

2.6.2.1 Silica coating
Silica is one of the preferred inert inorganic materials used for modification of MNP

surface?03299:210 |t prevents aggregation of the MNPs, and provides stability by enhancing the
resistance against oxidation. Moreover, the Si-OH group can provide a reactive site for bio-
conjugation or can be modified with functional groups for further conjugation.

There are different methods to produce silica-layer over MNPs; the Stober method, the
microemulsion method, aerosol pyrolysis and methods based on sodium silicate solution®°21 The
most common is the Stéber method??, in which the MNPs are dispersed in ethanol, followed by
the addition of tetraethoxysilane (TEOS) then an aqueous ammonia solution'®2'3, As a basic

catalyst, ammonia can control the particle size, and inhibit hydrolysis to form particles with regular
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morphology. Finally, reactive silanol groups can be attached to the silica layer and can be used for

further surface functionalization?4

e.g. with a polymer layer. (3-aminopropyl) triethoxysilane
(APTES), (3-mercaptopropyl) trimethoxysilane, triethoxyvinylsilane provide the most commonly

used reactive sites.

2.6.2.2 Polymer-coated magnetic nanoparticles
Surface functionalization of Fe3O4 magnetic nanoparticles with a polymeric shell not only
serves as layer for selective protein recognition®'®, but it also stabilizes and protects the MNPs. It

216 enable

can provide biocompatibility, it can serve as anchoring point for protein immobilization
cell labeling?’. The most effective way to prepare polymer-coated nanoparticles is grafting of
polymer onto a preformed MNP?172®. Two methods are generally used to form covalent-bonded
polymer layers onto the surface of particles: ‘‘grafting to’’ and ‘‘grafting from’* approach?', In
the so-called “‘grafting to’’ approach end-functionalized polymer chains are grafted to the solid
substrate. This approach is experimentally simple and provides better control of the
polymerization, but it usually suffers from a lower grafting density. In contrast, the ‘‘grafting
from’’ technique involves growth of polymer chains from solid surfaces by means of surface-
initiated polymerization of monomers via free-radical or controlled/living polymerization
techniques. Atom transfer radical polymerization (ATRP) and reversible addition-fragmentation
chain transfer (RAFT)?!° polymerization are two preferred controlled polymerizations to be used
for the attachment of polymer chains to inorganic nanoparticles?'®. However, they are rarely used
to create crosslinked polymer shells??%?2!, The major advantages of the controlled/living
polymerization methods are the perfect control over molecular weight and molecular weight
distribution of polymeric chains 22222 or the more homogeneous polymer structure and controlled
thickness in case of crosslinked polymers?’.

2.7 Fluorescence anisotropy or fluorescence polarization

Fluorescence anisotropy (FA) or in other words fluorescence polarization (FP) assay is a
powerful fluorescence analysis method in homogeneous immunoassay?%* . The basic theory of FP
was established by Perrin and theoretical and experimental aspects of it are well documented in
the literature®°22>226 |t measures, how the orientation of the molecules is changing between the
absorption and emission events. If the fluorophore is excited with vertically polarized light, the

emitted light will keep some of that polarization based on how fast the molecule rotates in the
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solution. The faster the rotational motion, the more depolarized the emitted light will be. The

slower the motion, the more the emitted light retains the polarization.

2.7.1 Measurement of fluorescence anisotropy

The measurement of fluorescence anisotropy is illustrated in Figure 5°°. The luminescent
molecule is excited by vertically polarized light. The electric vector of the excitation light is
oriented parallel to the z-axis. Then the intensity of the emission is measured through a polarizer.
The observed intensity is named /I when the emission polarizer is oriented parallel (I) to the
direction of the polarized excitation. Similarly, the intensity is named I.L, when the polarizer is
perpendicular (L) to the excitation. These intensity values are used to calculate the anisotropy (r)

or polarization (p) as given below:

Iy
Polarizer

Detector

Figure 5: Schematic diagram for measurement of fluorescence anisotropy®°.

the anisotropy (r) is described in eq (13)

_n-1L (13)

N

where 1l and I L are the vertically and horizontally polarized components of the emission.

In earlier publications and in the clinical literature, the term polarization is frequently used. The
polarization is given by eq (14)

_I-IL (14)
TI+IL

The r and p values can be interchanged using eq (15)
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A =3 15
_3—p p_2+r ( )

The polarization and anisotropy contain the same information, but anisotropy is preferred because

it is normalized by the total intensity It = Il + 21 L, which results in simplification of the equations.

The steady-state fluorescence anisotropy is related to the rotational correlation time (6) and
fluorescent lifetime (). This relationship is illustrated by the Perrin equation eq (16)
6 (16)
T+6
where rs Is the observed anisotropy of fluorescence r, is the maximum polarization (the

Tst = To

polarization observed in the absence of rotational diffusion). The Perrin equation predicts that the
observed fluorescence anisotropy is inversely proportional to the fluorescence lifetime. This means
that the observed fluorescence anisotropy is smaller (i.e., a greater depolarization of the emitted
light) from fluorescent molecules with a longer fluorescence lifetime, since they can rotate more
during the extended lifetime of the exited state. Therefore, fluorescent probes with appropriate
lifetimes can be selected to meet the requirements for specific applications. Other information from
the Perrin equation predicts that if t is constant, the observed polarization is dependent solely on
the rotational correlation time of the molecule, which is related to the molecular volume of the
fluorescent labeled molecule (V), Boltzmann constant (K), viscosity of the medium (1), and the
absolute temperature (T) of the solution by the following eq (17)%°.

o= (17)

Thus, experimental conditions, such as the size of the molecule, the temperature and
viscosity of the solution affect polarization. In practice, if the viscosity and temperature of a
solution are held constant, the observed fluorescence polarization will give a direct indication of
the molecular volume of a fluorescent molecule. Changes in molecular volume may be due to
interactions with other molecules, dissociation, polymerization, degradation, or conformational
changes of the fluorescent molecule. Therefore, fluorescence polarization measurements permit
the study of molecular interactions including protein/protein interactions, antibody/antigen
binding, and protein/DNA binding 2%2° and to measure enzymatic cleavage of

macromolecules?31232,
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2.7.2 Fluorescence polarization immunoassays

The usefulness of the FP measurement is derived from its dependence on the extent of
rotational diffusion during the lifetime of the excited state®®?*®, Fluorescence polarization
immunoassays (FPIA) take advantage of this dependence to provide an analytical tool for the
measurement of therapeutic drugs in human body fluids?*+2% | and to detect specific DNAZ' for
the diagnosis of infectious diseases. FPIA is a competitive biochemical assay widely used in

clinical laboratories to detect small molecule antigens.

2.7.2.1 The basic principles of FPIA

In a typical immunoassay based on FP, fluorescent labeled antigen and unlabeled antigens
(small molecule) compete for the binding sites on the antibody. The anisotropy of the labeled
antigen depends on the ratio of the free and the antibody-bound labeled antigen, which depends on

the amount of unlabeled antigen in the sample.

Changes in anisotropy are caused by changes in the rotational correlation time of the
labeled antigen, which occurs upon binding or release from the antibody. Figure 6 illustrates the
process. After excitation of the luminescent labeled free antigen with polarized light, the light
emitted is depolarized. This is due to the fact that the small antigen rotates rapidly in solution
during the time between excitation and emission, and accordingly emits light on different
polarization planes. Conversely, if the labeled antigen bound to the large antibody, its rotation

slows down considerably and results in the emission of polarized light.
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Figure 6: Explanation of the FPIA principle.
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Advantages of FPIA are?:

1) FP assays do not require the separation of bound and free luminescent labeled antigens and
do not require washing steps. This allows ligand binding to be quantified without perturbing the
equilibrium, making it suitable for measuring low-affinity interactions (more specifically,

interactions with fast dissociation rates).
2) Itallows for determining the analyte concentration within a few minutes.

3) The p-value is a relative and dimensionless parameter that smooths fluctuations in instrument
signal and leads to very high reproducibility. The coefficients of variation generally do not exceed
3-5%.

4) Luminescent labels can be synthesized easily and remain stable during storage for many

years.

5)  FP assays are non-destructive, allowing repetitive measurements of the same sample under

different conditions (e.g., different temperatures).

A serious limitation of present FPIA is that they are limited to low-molecular-weight
antigens. This limitation is the result of the use of short lifetime fluorophores, such as fluorescein
(t = 4 ns). FPIA requires that the emission from the unbound labeled antigen be depolarized, so
that an increase in polarization may be observed upon binding to antibody. For depolarization to
occur the antigen must display a rotational correlation time much shorter than 4 ns, which limits

the FPIA to antigens with molecular weight less than several thousand daltons?3,

While attempts have been made to enable the measurement of high molecular weight
antigens with such short lived fluorophores (t < 10 ns)?3323%240 EPJs are routinely limited to low
molecular weight antigens such as drugs or antibiotics. Lakowicz et al. have described the use of
long-lived metal-ligand complexes as a means to circumvent the low molecular weight limits of
the anisotropy measurements®’%24!, They, and others?*? found that Ru-ligand complexes display
high anisotropy values in viscous solution or when bound to the proteins. The long lifetime (>
100 ns) of these probes allowed measurement of rotational correlation times up to 1 pus. Lakowicz
et al. demonstrated an immunoassay for high-molecular weight antigens (human serum albumin,

HSA) based on Ru-ligands using fluorescence polarization?3.
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The anisotropy of a labeled macromolecule is related to the rotational correlation time (6),
according to the Perrin equation. The effect of the molecular weight M of the protein on the
rotational correlation time is described by eq (18):

o="L= (v +h), (18)

Where R is the ideal gas constant, v is the unhydrated specific volume of the protein, h
is the hydration, typically 0.3 g H.0 per g of protein?®, k is the Boltzmann constant; T is the
absolute temperature (K), # is the viscosity and V is the molecular volume of the protein®. The
molecular volume of the protein (V) links the molecular weight (MW) with the rotational
correlation time (0) of the protein. Generally, the observed correlation times are about twice as
long as those calculated for an anhydrous sphere (with h = 0). owing to the effects of hydration

and the non-spherical shapes of most proteins.
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3 Experimental part

3.1 Materials

name

manufacturer

purity, properties

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide

Thermo Fischer

hydrochloride (EDC) Scientific

Acetonitrile Merck gradient grade
25% Ammonia solution Riedel de Haen

3,7-Bis(dimethyl amino)- phenothiazin-5-ium Sigma Aldrich

chloride (Methylene blue, MB)

3-Aminopropyltrimethoxysilane (APTMOS) Sigma Aldrich 97%
4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid ~ Sigma Aldrich

(RAFT)

85% Orto-phosphoric acid VWR

International

8-Allyl-2-0x0-2H-chromene-3-carbaldehyde
(AOCC)

Gift from Organic Chemistry

Department, SCU, Egypt

Acrylic acid (AAC) Sigma Aldrich 99%

Acetic acid Sigma Aldrich >99.5%

Adenine Sigma Aldrich >99%

Adenosine 5'- triphosphate disodium salt hydrate (5'- Sigma Aldrich >99%

ATP)

Adenosine 5'-diphosphate monosodium salt Sigma Aldrich >99%

dehydrate (5'-ADP)

Albumin (MW 44.3 kDa, pl 4.54) Sigma Aldrich from chicken egg
Aluminum oxide inhibitor remover column Sigma Aldrich

Ammonium persulfate (APS) Sigma Aldrich >98%
Anhydrous sodium acetate (NaOAC) Sigma Aldrich

Avidin (MW 68 kDa, pl 10.5): Sigma Aldrich from chicken egg

white
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Bis (2,2'-bipyridine)-4'-methyl-4carboxypyridine- Sigma Aldrich
ruthenium N-succinimidyl ester bis

(hexafluorophosphate) (RuL-Su)

Bovine serum albumin (BSA; MW 66.5 kDa, pl 4.7) Sigma Aldrich >98%

Calf thymus nucleic acid (CT-DNA) Sigma Aldrich

CML-latex Beads (PS) Invitrogen carboxylated
polystyrene beads,

nominal @ 300 nm

Cytidine 5'- monophosphate disodium salt (5'-CMP)  Sigma Aldrich >99%

Cytidine Sigma Aldrich >99%
Cytochrome ¢ (cyt ¢c; MW 12.3 kDa, pl 9.6) Sigma Aldrich
Ethanol Merck gradient grade

Ethylene glycol (EG) Sigma Aldrich >99.5%

Europium chloride hexahydrate (EuClz.6H20) Sigma Aldrich 99.9

Freeze-dried Micrococcus lysodeikticus Sigma Aldrich

Guanosine 5'-monophosphate disodium salt hydrate ~ Sigma Aldrich >99%
(5'-GMP)

Hexane Merck gradient grade

Horseradish peroxidase isoenzyme C (HRP C; MW  Roche
44 kDa, pl 8.8)

EIA grade (90%)

Human serum albumin (HSA MW 66.5 kDa, pl 4.7)  Sigma Aldrich >96%

Inosine 5'- monophosphate disodium salt hydrate Sigma Aldrich >99%

(5-IMP)

Inosine Sigma Aldrich >99%

Iron (11) chloride tetrahydrate (FeClz-4H20) Sigma Aldrich AnalaR Normapur

Iron(111) chloride hexahydrate (FeCls-6H20) Sigma Aldrich puriss. p.a.

Lysozyme (Lys; MW 14.3 kDa, pl 11.35) Sigma Aldrich from chicken egg
white

N,N, N', N' tetramethylenediamine (TEMED) Sigma Aldrich 99%

N,N-methylene bisacrylamide (BIS) Sigma Aldrich 99%

N-acetyl histamine Sigma Aldrich 98%
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N-acetyl histidine monohydrate Sigma Aldrich >98%
N-acetyl -L- aspartic acid Sigma Aldrich >95%
N-isopropylacrylamide (NIPAmM) Sigma Aldrich 97%
N-tert-butylacrylamide (TBAmM) Tokyo Chemical 100%
Industry Co. Ltd
N-acetyl lysine Sigma Aldrich >98%
Ninhydrin monohydrate VWR a.r. Ph. Eur.
Phosphate buffer Saline (PBS) Sigma Aldrich pH: 7.2-7.6 (1
Polyethylene glycol 400 (PEG 400) Sigma Aldrich
Polyethylene glycol 4000 (PEG 4000) Sigma Aldrich
Sodium bisulfite (NaHSO3; SBS) Sigma Aldrich ACS
Sodium acetate Sigma Aldrich 99%
Sodium Chloride (NaCl) Sigma Aldrich ACS, >99%
Sodium dodecyl sulfate (SDS) Sigma Aldrich Ph. Eur.
Tetraethylorthosilicate (TEOS) Alfa Aesar 98%
Trifluoroacetic acid (TFA) Sigma Aldrich 99%
y-globulin (MW 155-160 kDa, pl 6.85) Sigma Aldrich >99%

All chemicals were used as received, except that NIPAm was recrystallized from hexane and AAc
was passed through an aluminium oxide inhibitor remover column (Sigma-Aldrich) before use.
Ultrapure water was produced by a Millipore Direct-Q system (Merck).
3.2 Synthesis methods
3.2.1 Synthesis of the polymer nanoparticles (PNPs) - Chapter 5

The procedure reported by Lyon and Debord**® was modified to synthesize PNPs via free
radical polymerization. NIPAm, TBAm, AAc, BIS, and in one preparation of microgel (PNP1) 10
mg SDS were dissolved in 50 mL ultrapure water. Before adding to the monomer solution, TBAm

was dissolved in 1 mL ethanol (Figure 7).
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Figure 7: Scheme for the preparation of multifunctional polymer-based PNPs

The monomers solution was filtered through a 0.2 um regenerated cellulose membrane to
eliminate particle contaminants. Table 2 lists the feed monomer content of the microgels, initiators,
and other additives that were utilized during their synthesis. A total monomer concentration of 65
mM was used. Argon gas was bubbled through the reaction mixture for 50 minutes. The
polymerization was carried out in a thermostated water bath for three hours, the mixture was stirred
by continuous magnetic stirring and argon bubbling after the addition of 300 uL from 100 mg/mL
aqueous APS solution (4 mol percent of the polymerizable double bonds) and 19.4 pL. TEMED or
135 uL 100 mg/mL SBS. After addition of the initiator and the accelerator, the transparent solution
became turbid within a few minutes. After 4 hours the reaction was switched off via cooling down
to room temperature (RT). To remove oligomers and unreacted monomers, microgels were cleaned
by 6-days dialysis (Spectra/Por 4 type RC membrane, 12-14 kDa MWCO, Spectrum Laboratories
Inc., Rancho Dominguez, CA, USA) in ultrapure water. Water was exchanged twice a day. The

yield of the PNPs was evaluated by weighing them after one hour of drying at 60°C.

Table 2: Polymerization conditions used during the preparation of the PNPs

Monomer composition SDS | Initiator system Temperature
Sample [mol%] (molar ratio of the components) | [°C]
name AAc | TBAm | NIPAm | BIS
PNP1* 5 40 53 2 yes APS 60°C
PNP2 5 40 53 2 no APS 60°C
PNP3 5 40 53 2 no APS:SBS (1:1) 40°C
PNP4 5 40 53 2 no APS:SBS (1:1) RT
PNP5 5 40 53 2 no APS:TEMED (1:1) 40°C
PNP6 5 40 53 2 no APS:TEMED (1:1) RT
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PNP7 2.5 40 55.5 2 no APS:TEMED (1:1) 40°C
PNP8 10 40 48 2 no APS:TEMED (1:1) 40°C
PNP9 5 40 53 2 no APS:TEMED (1:0.5) 40°C
PNP10 5 40 53 2 no APS:TEMED (1:0.25) 40°C

3.2.2 Synthesis of polymer nanoparticles (PNPs) - Chapter 7

Synthesis of the polymer nanoparticles for the anisotropy measurements was carried out as
in Section 3.2.1 using the composition of PNP1, except that the total monomer concentration was
130 mM. I used 69 mM NIPAm (53 mol%), 52 mM TBAm (40 mol%), 6.4 mM AAc (5 mol%),
2.6 mM BIS (2 mol%). 20 mg SDS was dissolved in 50 mL ultrapure water. Before adding to the
monomer solution, TBAm was dissolved in 1 mL ethanol. Argon gas was bubbled through the
reaction mixture for 50 minutes. The polymerization was carried out in a thermostated water bath
at 60°C for three hours with continuous magnetic stirring and argon bubbling after the addition of

300 uL from 100 mg/mL aqueous APS solution.

3.2.3 Synthesis of poly (N-isopropylacrylamide-co-N-tert-butylacrylamide-co-acrylic acid)
coated magnetic nanoparticles (Lys-PMNPs) - Chapter 6
Lys-PMNPs have been prepared by synthesizing a magnetic core, followed by the layer-
by-layer formation of the polymer coating.
3.2.3.1 Synthesis of Fes04 nanoparticles (MNPS)
3.2.3.1.1 Co-precipitation method*®®
5840 mg FeCl3z 6H20 and 2150mg FeCl, 4H,0O were dissolved in 100 ml of deionized water
under a nitrogen atmosphere with vigorous stirring at 70°C. 10 ml of 25% aqueous ammonia was
added to the mixture rapidly and the colour of the bulk solution immediately changed from orange
to black. After magnetic separation using a Nd-Fe-B permanent magnet, the obtained MNPs were

washed with deionized water and ethanol and dried at RT.

3.2.3.1.2 Heteroaggregates of carboxylic polystyrene latex (PS) and FesO4 nanoparticles 244

1 mlPS (10 mg/ ml, 0.3 um) at pH 2.5 was added to 5 ml of FesO4 nanoparticles (6 mg/mL)
synthesized by the co-precipitation method at the same pH. This mixture was stirred for 6 h then
the heteroaggregates were separated from the solution by centrifugation and washed five times

with 10 mM sodium acetate buffer of pH 2.5 to remove non-adsorbed FezO4 nanoparticles
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3.2.3.1.3 Solvothermal method*®’.

FeClz-6H20 (20.2 g) and NaOAc (54.0 g) were dissolved in a mixture of ethylene glycol
(600 mL) and PEG 4000 (20.2 g) and vigorously stirred for 30 min. The obtained yellow solution
was transferred to a Teflon-lined stainless-steel autoclave and stirred for 24 hours at 200°C. After
that, the autoclave was cooled to room temperature. The obtained MNPs were separated from the
reaction mixture using a magnet, washed 3 times with water and 3 times ethanol, and finally dried

under approximately 200 mbar vacuum overnight.

3.2.3.2 Synthesis of silica-coated magnetic nanospheres (MNPs@SiO,)

MNPs@SiO2 nanospheres were prepared by the modification of the commonly used sol-
gel method 22, Briefly, MNPs (5.0 g) were redispersed in the mixture of PEG 400 (5 g) and
ultrapure water (175 mL) by sonication for approximately 30 mins. Subsequently, under
continuous shaking at 700 rpm, 25 % ammonia solution (30 mL) and TEOS (12 mL) were
consecutively added to the reaction mixture. The reaction was left at room temperature for 24 h
under continuous shaking. The resulting product, MNPs@SiO. was obtained by magnetic
separation and washed with ultrapure water three times then with ethanol three times and finally

dried under approximately 200 mbar vacuum overnight.

3.2.3.3 Synthesis of amine-modified MNPs (MNPs@SiO2-NH,) 2%

MNPs@SiO2 NPs (500 mg) were dispersed in PEG 400 (100 mg) and ethanol (5 mL) and
the mixture was sonicated for 30 mins. Then 50 pL 25% ammonia solution was added to get a
homogenous solution. The resulting mixture was shaken at 500 rpm, and a mixture of APTMOS
(0.52 mL) and ethanol (5 mL) was added dropwise. The suspension was shaken at 500 rpm at room
temperature for 24 hours. The surface-grafted MNPs@SiO>—NH. were collected by magnet and
washed three times with ethanol and three times with water and the particles were dried under

approximately 200 mbar vacuum overnight.

3.2.3.4 Coupling of the RAFT agent

The RAFT agent, 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid was immobilized
through its carboxylic group to the NH>-modified MNPs@SiO2-NH> nanoparticles by EDC to
allow controlled polymer growth from the surface of the particles?®. FesO4@SiO—NH>
nanoparticles (254 mg) were mixed with RAFT (76.14 pmol) and EDC (152.24 pmol) in 2.6 mL

80: 20 v/v% acetonitrile: water and were agitated for 2 hours at room temperature. The obtained
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MNPs@SiO,@RAFT particles were washed with acetonitrile three times and dried under

approximately 200 mbar vacuum overnight.

3.2.3.5 Preparation of the polymer shell

The thermoresponsive polymer shell on the particles was formed by dispersing
MNPs@SiO@RAFT nanoparticles (32 mg) in 64 mL aqueous solution of NIPAm (249.5 mg, 53
mol %), AAc (14 ul, 5 mol%), TBAm (211.6 mg, 40 mol%) and BIS (12.8 mg, 2 mol%). The total
monomer concentration was 65 mM. Argon gas was bubbled through the reaction mixture for 60
mins. Following the addition of APS (38.4 mg) and either TEMED (24.8 ul) or SBS (17.3 mg),
the polymerization was carried out at room temperature to obtain Lys-PMNP-TEMED and Lys-
PMNP, respectively. In the end, the particles were collected with magnet and washed with water

five times.

3.2.4 Preparation of RuL-Su labeled lysozme

5 mg Lys was dissolved in 1 ml of 100 mM PB pH 7.4 containing 150 mM NacCl, then
mixed in the dark with 1 mg RuL-Su dissolved in 100 ul DMF. The molar concentration of the
Ru-complex was 2.8 times more than the molar concentration of the protein®’. The solution was
left for 3 hours at 4 °C and was shaken at each 15 min. The unreacted dye was removed by dialysis
using a 3.5-5 kDa MWCO dialysis membrane against 10 mM PB, pH 7.4 that was changed after
15, 18, 20 and 48 hour. The labeled protein concentration was determined by the BCA assay
(Section 3.4.4.2.) and dye concentration was determined by UV absorbance measurement at 458

nm.

3.2.5 Preparation of the Eu*-(AOCC) complex
36.6 mg EuCls.6H20 was dissolved in 100 ml ethanol (10° M). 21.4 mg AOCC was
dissolved in 100 ml of ethanol (103 M). These two solutions were mixed together in 1:3 molar

ratio.

3.3 Characterization methods

3.3.1 Infrared spectroscopy

Infrared spectra of MNPs, MNPs@SiO,, MNPs@SiO2-NHz, MNPs@SiO2-NH2-RAFT,
Lys-PMNPs and Lys-PMNPs-TEMED were taken by a Spectrum Two Fourier Transform Infrared
(FTIR) spectrometer equipped with an universal ATR (UATR) head containing a diamond crystal
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(Perkin Elmer, Liantrisant, UK). Samples were suspended in a small amount of methanol and
pipetted onto the UATR head. After evaporation of the solvent they were measured by the
spectrometer.

3.3.2 Dynamic light scattering measurements

The zeta potential and the hydrodynamic diameter of the different PNPs were determined
by dynamic light scattering (DLS) measurements on a ZetaSizer Nano ZS instrument (Malvern
Instruments, Malvern, UK). | diluted the samples from the synthesized and dialysed PNP
solution/suspension in water and transferred to a 1 cm disposable cuvette. The hydrodynamic
diameter was measured in three replicates at 25 + 0.1 °C. Polydispersity index (PdI) was calculated
by the instrument as the width of a hypothetical monomodal distribution. Aqueous solutions of the
PNPs were placed into a zeta potential cell and measured. Each reported zeta potential is the

average of three successive measurements.

The modification of the MNPs with different layers was confirmed by measuring their zeta

potential.

3.3.3 Nanoparticle tracking analysis
The particle size and concentration of the NPs were determined by a Nanosight LM10HS
Instrument (Nanosight Ltd. Minton Park, Amesbury, Wiltshire SP4 7RT, UK).

3.3.4 Scanning electron microscopy

The morphology and structure of different PNP preparations were analysed by a Hitachi
S-4800 Field Emission Scanning Electron microscope (FESEM) equipped with Bruker AXS
Energy-dispersive X-ray spectrometer (EDS) system. An acceleration voltage of 10 kV was used
for the analysis and secondary electron (or transmitted electron) signals were used to study the
morphology of the polymers. Particle size was determined from the SEM micrographs by
averaging the diameter of at least 100 individual particles from each sample using the ImageJ 1.52a
software (National Institutes of Health, Bethesda, MD, USA). Polydispersity index (U) was
calculated using the following formulas in eq (19).

D,=>.nD,/> n; Dwzzk:niDi“/Zk:nin; Uu=0D,/D,, (19)
i i i=1 i=1

43



where Dy is the number-average diameter, Dy is the weight-average diameter and U is the
polydispersity index, Di denotes the individual diameter of a particle, n; is the number of particles

with a specific diameter, and k is the number of different diameters.

The morphology of MNPs, MNPs@SiO2, MNPs@SiO2-NH2, MNPs@SiO2-RAFT, Lys-
PMNPs and Lys-PMNPs-TEMED were recorded by a Hitachi S-4800 SEM (Hitachi High-Tech
Co., Ltd., Fukuoka, Japan) using 30 kV accelerating voltage.

3.3.5 Transmission electron microscopy

MNPs, MNPs@SiO2, MNPs@SiO2-NH2, MNPs@SiO2- RAFT, Lys-PMNPs and Lys-
PMNPs-TEMED were examined by TEM with a FEI Tecnai G2 20 X-Twin TEM (FEI, Hillsboro,
OR, USA) using 200 kV accelerating voltage. For the sample preparation 5 pul from an ~1 mg/mL
sample was resuspended in 5 ml ethanol and the resulting suspension was dropped onto a grid and

dried for electron microscopy examination.

3.3.6 X-Ray diffraction measurements

X-ray diffraction spectrum of MNPs, MNPs@SiO2, MNPs@SiO2-NH2, MNPs@SiO-
NH2-RAFT, Lys-PMNPs and Lys-PMNPs-TEMED were recorded by an X’pert Pro MPD X-ray
diffractometer using CuKa radiation (PANalytical, Almelo, Netherlands).

3.3.7 Thermogravimetric measurements

The thickness of the polymer layer in Lys-PMNP and Lys-PMNP-TEMED was estimated
from thermogravimetric measurements performed on an SDT 2960 simultaneous thermal analyzer
(TA Instruments, New Castle, DE, USA). The samples were heated to 750°C with 10°C/min ramp
using a 15min isotherm period at 105°C, in 130 mL/min air flow. The percentage weight loss due
to the polymer shell was calculated from the TG curves. The thickness of the polymer shell was
calculated from the difference in the total weight loss between MNPs@SiO2-RAFT and Lys-
PMNP or Lys-PMNP-TEMED. We assumed that spherical particles are obtained after each
synthesis step. From the TG measurements, we could obtain the % weight loss of Lys-PMNP or
Lys-PMNP-TEMED particles compared to the MNPs@SiO.-RAFT particles which is due to the
loss of the polymer layer. From the diameter and density of the Fe3O4 particle and the SiO> shell
thickness and it density, the weight of the MNPs@SiO: core could be calculated. From this, and
the % weight loss, the weight of the polymer shell was obtained and using the density of the

polymer, we could calculate the volume of the Lys-PMNP or Lys-PMNP-TEMED polymer layer.
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Then, using the diameter of the MNPs@SIiO: particle, we could calculate its volume. From this,
and the volume of the polymer shell, the diameter of the polymer shell could be obtained using the

following eq (20):

(20)

—d?) - pes
) Psios (4 4 25)% — (d + 25)

s| 9% d*ppeo, + ((d +25)3
100 — % Ppolymer

p= 2

where,

d is the mean diameter of the FezO4 nanoparticles

s is the thickness of the SiO shell

p is the thickness of the polymer shell

Pre,0, 15 the density of FesO4 (5.2 g/cm®)

Psio, is the density of SiO2 (2.2 g/cm?)

Ppotymer 1S the density of the polymer shell (0.5 g/cm? in the collapsed state®)
% is the percentage weight loss compared to the MNPs@SiO2>-RAFT

3.3.8 Fluorescence measurements
3.3.8.1 EU**-(AOCC) (Chapter 4)

Luminescence emission and excitation spectra of the Eu®*-(AOCC) complex and its
binding with different biomolecules (N-acetyl amino acids, nucleobases, nucleosides, nucleotides
or DNA) have been measured at Aexem = 350/616 nm with a JASCO-FP6300 spectrofluorometer
(JASCO International Co. Ltd., Tokyo, Japan) in a 1 cm quartz cell.

Time-resolved luminescence measurements were obtained by a FLUOstar Optima
microtiter plate reader (BMG Labtech Inc.13000 Weston Parkway Suite, USA) equipped with a
side window photomultiplier tube and a xenon flash-lamp, with excitation and emission filters at
Aexiem = 340/615 nm. The sample volume was 150 pL. The lag time was 100 us, the integration

time was 100 ps, and the gain was 2800. Measurements were carried out at 25 °C.
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3.3.8.2 Ru-complex labeled lysozyme (Chapter 7)

Luminescence spectra, fluorescence anisotropy spectra and fluorescence decay curves of
the Ru complex labeled lysozyme incubated with different amounts of NP were acquired by an
FS5 spectrofluorometer (Edinburgh Instruments, Livingston, UK) equipped with two aBBO type
polarizers. In the steady state measurements, the light source was a 150 W xenon lamp. The
anisotropy spectra were recorded placing a 550 nm long pass filter in the emission monochromator
to eliminate the Rayleigh-scattered light. The instrument measures the excitation and emission
anisotropy spectra automatically. The fluorescence emission anisotropy spectrum was measured
in the range of 620-640 nm and the average anisotropy was taken. The temporal decay curves of
the fluorescence radiation were measured with time-correlated single photon counting (TCSPC)
technique, using an EPL 450 pulsed diode laser (wavelength 441 nm, pulse width 90 ps) for
excitation and a microchannel plate detector. All fluorescence spectroscopic experiments were

carried out at 30 °C in a quartz microcuvette (Hellma Analytics).

3.3.9 HPLC measurements

3.3.9.1 Measurement of monomer conversion (Chapter 5)

The monomer conversion during the synthesis of different PNPs was quantified using an
EX1600 HPLC system (Exformma Technologies, China) equipped with UV detector. The
stationary phase was a Lichrospher 100 C18 column (125 mm x 4 mm i.d., 5 um) from Merck
KGaA. A mixture of 95% water, 5% acetonitrile and 0.05% orto-phosphoric acid was used as the
mobile phase with a flow rate of 2.0 mL-min™. The injection volume was 25 pL. The detector
wavelength was set to 210 nm.

3.3.9.2 Quantitation of lysozyme (Chapter 6)

A Flexar FX-20 UHPLC system (Perkin Elmer, Shelton, CT, USA) with UV detector was
used for the quantitation of Lys in the binding experiments. The chromatographic column was a
Zorbax 300 SB-C8 (150 x 4.6 mm i.d., 5 um mm, Agilent) thermostated at 37+1°C. Mobile phase
solvent A was 0.1 % trifluoroacetic acid in water and solvent B was acetonitrile with 0.1% TFA.
The flow rate was 1.6 mL/min. The following gradient was used in the separation: from 0 to 5 min
B % was increased from 30 % to 45 %; within 0.1 min B % was decreased to the initial 30 % and
held for 5 minutes. The injection volume was 30 puL and the detection wavelength was 280 nm.
Before measurement, all samples were supplemented with 0.2 M NaCl to minimize adsorption of

Lys onto the HPLC system parts and sample vials.
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3.4 Methodology
3.4.1 Methodology - Chapter 4

3.4.1.1 Determination of the quantum yield

The quantum yield of the Eu®*-(AOCC)s; complex was determined in ethanol at 10 pM
concentration. The quantum yield has been calculated using tris(2,2"-bipyridyl) dichlororuthenium
(1) hexahydrate as reference material (quantum yield=0.13). The different refractive indices of the
ethanol solution and the aqueous reference solution were considered by the following eq (21):

Qx = Qp Aln (21)

Ax+IgnR2

Where Qr is the quantum yield of the reference material, Qx is the quantum yield of the Eu*-
(AOCC)s, Ar and Ax are absorbances of the reference (R) and the Eu®*-complex (X) at the
excitation wavelength, Ir and Ix are the integrated areas under the corrected emission spectra of
the reference material and the Eu®*-complex, nr and nx are the refractive indices of the solvents of
the reference and Eu-complex, respectively.
3.4.1.2 Determination of the molar ratio of Eu3*(AOCC) complex

The Eu®* metal ion was mixed with the AOCC ligand in different molar ratios (1:1; 1:2;
1:3; 1:4 and 1:5) in a way that the total concentration of each solution was 40 uM and the

luminescence emission spectrum was taken.

3.4.1.3 Effect of different solvent on the of Eu3*(AOCC)3 complex
The luminescence emission spectrum of 10 pM of Eu*-(AOCC)s was measured in

different solvent with or without 10 uM of different biomolecules.

3.4.1.4 Calibration curves and limit of detection

The luminescence emission spectrum of 1 uM Eu®* and 3 uM AOCC with different
concentrations of biomolecules (0.099; 0.196; 0.29; 0.39; 0.487; 0.58; 0.68; 0.778; 0.875;0.995;
and 1.089 uM) was measured.

3.4.1.5 Luminescence and viscosity studies for the interaction between Eu®* (AOCC); complex
and CT-DNA

Calf thymus nucleic acid (CT-DNA) solutions were prepared by dissolving a given amount

in tris—HCI buffer pH = 7. The DNA solutions were stored at 4 °C for more than 24 h with gentle
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shaking occasionally to get homogeneity and used within 5 days. The purity of CT-DNA was

299 The concentration of the CT-

checked by monitoring the ratio of absorbance at (260 to 280) nm
DNA stock solution was determined by measuring its absorbance at 260 nm and using an

extinction coefficient of 6600 mol™* cm™.

The interaction between the Eu®*-(AOCC)s complex and CT-DNA was studied via
recording the emission spectra of the CT-DNA-methylene blue (CT-DNA-MB) complex with
various concentrations of Eu**-(AOCC)s complex in tris-HCI buffer (pH = 7.4) in the range 640—
750 nm, at the excitation wavelength of MB (630 nm) at room temperature. The concentrations of
CT-DNA and MB were 0.1 mM and 0.01 mM, respectively and different concentrations (0.0, 3.29,
6.52, 9.75, 13.0, 16.2, 19.4, 22.7, 25.9, 29.1 and 32.4 uM) of the Eu®*"-(AOCC); complex were
added.

Viscosity measurements of the CT-DNA solution with the Eu®* complex were performed
by U-shaped glass capillary Ostwald Viscometer (inner diameter 0.75 mm). Titrations were
performed by the addition of aliquots of 0.0, 0.1, 0.2, 3, 0.4, 0.5, 6, 7, 0.8, and 0.9 mM Eu®*-
(AOCC)3 complex into a constant concentration of DNA (7.36 mM) in the viscometer. Each
sample was measured at least three times and the average flow time was calculated®°. Data were

presented as (1 / no )2 versus the ratio of the concentration of the Eu*-(AOCC)s/ DNA, where,
n: is the relative viscosity of DNA-Eu®*-(AOCC)3; complex.
no: is the relative viscosity of DNA alone.

Relative viscosity values were calculated from the observed flow time of CT-DNA or Eu®*
(AOCC)3-DNA solution which is represented by tcontrol and teomplex, respectively, by correcting for

the flow time of buffer alone (to) eq (22),

n — (tcomplex_ to)/to (22)
No (tcontrol— to)/to

3.4.2 Methodology - Chapter 5
3.4.2.1 Equilibrium binding assay of lysozyme with different PNPs

Lysozyme (5 ug/mL) was incubated with different concentrations of the PNPs (between
0.5 and 2000 pg/mL) in phosphate buffer (PB, 10 mM, pH 7.4) for 20 minutes at RT. A Vivaspin
500 (100kDa MWCO) centrifugal filter unit (Sartorius Stedim Lab Ltd., Stonehouse, UK) was

48



utilized to separate the free and PNP-bound lysozyme by centrifugation (Eppendorf 5430R,
Eppendorf AG, Hamburg, Germany) at 11,800 rcf for 20 minutes. The free lysozyme activity of
the filtrate was measured by an enzyme assay (see section 3.4.4.2) and compared to that of a
similarly filtered 5 pg/mL control lysozyme solution (Bo). The ratio of the two gives an estimate
of unbound/total lysozyme concentration. Subtracting this ratio from 1 gives the ratio of the protein

bound to the PNPs (B) relative to the initial protein concentration (Bo).

3.4.2.2 Lysozyme activity assay

The measurement of lysozyme activity was performed by the method of Shugar®®!. 5
ug/mL lysozyme was dissolved in PB (10 mM, pH 7.4). Freeze-dried Micrococcus lysodeikticus
cells were resuspended at 150 pg/ml concentration in PB (50 mM, pH 6.2). 100 pL of lysozyme
solution was added to 2500 pL cell suspension, and the cell lysis was followed at room temperature
by measuring the decrease in absorbance at 450 nm using a UV-Vis spectrophotometer (JASCO
V-550, JASCO International Co. Ltd., Tokyo, Japan). The slope of the absorbance decrease in the

first 5 minutes was used as a measure of lysozyme activity.
3.4.3 Methodology - Chapter 6
3.4.3.1 Quantitation of the surface NH2-groups

The amount of surface amine groups introduced onto MNPs@SiO; particles by reaction
with APTMOS for the preparation of Lys-PMNPs and Lys-PMNPs-TEMED was determined by
equilibrating the particles with ninhydrin (140 mM in ethanol + 0.2 v/v% acetic acid) and acetate
buffer (100 mM, pH 5.5) in 2:1 ratio. For calibration 400 pl ninhydrin reagent was reacted with
200 pl of various known concentrations of APTMOS (0.25; 0.4; 0.58; 0.7; 0.85; 1 and 1.15 mM
in acetate buffer (100 mM, pH 5.5)) to form colored products. The samples were heated to 100 °C
for 15 min. After cooling to room temperature the absorbance of the solutions was measured at
570 nm with a microplate reader (Synergy 2, BioTek Instruments, ( Winooski, Vermont, USA),

and the NH2-coverage of the particles was calculated from the calibration curves.

Further modification of the MNPs @SiO2-NH: particles with RAFT was followed with the same
assay: from the difference between the NH>-coverage measured before and after RAFT coupling,

we confirmed the successful modification with RAFT.
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3.4.3.2 Equilibrium binding assay of Lys-PMNPs with lysozyme

Lys-PMNPs were mixed with different concentrations of lysozyme (PB; 50 mM pH=7 or
10 mM pH 8.4) and incubated at 30°C. Afterwards, Lys-PMNPs were separated by an external
magnetic field. The concentration of lysozyme in the supernatant was determined by HPLC. The
bound lysozyme concentration (Q) on the particles was calculated using the following formula in
eq (23):

Q= (Co—Ce)*V/m (23)
where Co and Ce (ug/mL) are the initial concentration and the equilibrium concentration of Lys,

respectively; V (mL) is the volume of the solution, and m (g) is the mass of Lys-PMNPs.

3.4.3.3 Release of lysozyme from the Lys-PMNPs

After Lys was absorbed onto the nanoparticles, the supernatant was discarded and PB, with
or without NaCl additive was added. The mixture was incubated for 2 h at 5°C to release the Lys.
Following magnetic separation, the concentration of Lys in the supernatant was determined by
HPLC.

3.4.3.4 Measurement of selectivity

Selectivity of the Lys-PMNPs was studied by incubating Lys-PMNPs (1.6 mg/mL) in HRP,
avidin, BSA, chicken egg albumin, HSA, immunoglobulin or Cyt C protein solutions (50 pg/mL
in 50 mM PB pH=7 or in 10 mM PB pH 8.4). The mixtures were incubated for 1 h at room
temperature and after magnetic separation the proteins were quantitated in the supernatant by
HPLC.

3.4.3.5 Binding and release of Lys-PMNPs in urine

Human urine acquired from a healthy volunteer was used to study the applicability of the
Lys-PMNPs for the specific recognition of Lys in real samples. Without any pretreatment, human
urine was spiked with Lys at different concentrations (10, 25, 50, 50, 500, 1000 pg/mL).
Equilibrium binding assay was performed by mixing Lys-PMNPs (2 mg) into 225 uL 10 mM PB
(pH=8.4) and adding 25 pL spiked urine, thereby achieving 10 times dilution of urine. The samples
were incubated for 30 mins at 30°C while continuous shaking at 500 rpm. Afterwards, Lys-PMNPs
were separated in a MagnetoPURE magnetic separator block (Chemicell, Berlin, Germany). The

concentration of lysozyme in the supernatant was determined by HPLC. To release Lys from the
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nanoparticles, the supernatant was discarded and the particles were washed two times with 250 puLL
water then with 250 ul PB (50 mM, pH=7) containing 0.2 M NaCl. The mixture was stirred for 2
h at 5°C to release Lys. After magnetic separation the desorbed lysozyme in the supernatant was

determined by HPLC measurement. Unknown urine samples were quantitated in the same way.

3.4.3.6 Measurement of lysozyme in urine samples with the micrococcus lysodeikticus assay
Lys calibration standards in the 2.5-20 pg/mL range were prepared in 50 mM PB, pH 7

containing 0.2 M NaCl. Unknown urine samples were diluted 10 times in 10 mM PB, pH 8.4

containing 0.2 M NaCl and further diluted, if necessary, to fall into the calibration range. Lys was

quantitated by the Micrococcus lysodeikticus assay (see section 3.4.3.6.).

3.4.4 Methodology - Chapter 7
3.4.4.1 Measurement of the dye/protein (D/P) ratio in the labeled lysozyme

We determined the concentration of the dye in the labeled Lys (10m MPB pH 7.4) by
measuring the absorbance at 457 nm, the absorption maximum of the dye. The concentration of
the luminescent dye was calculated from the absorption maximum measured at 457 nm and the
molar absorption coefficient of the dye eq (24).

¢ = Aas7 (24)

€457

The concentration of labelled lysozyme was determined by the BCA assay.
The number of dyes bound to one protein (D/P; dye/protein) can be determined by eq (25)

b _ Caye (25)

P CLys

3.4.4.2 BCA total protein assay

In the course of labeling Lys with the Ru-complex, RuL-Lys was quantified with the
bicinchoninic acid (BCA) total protein assay following the manufacturer’s instruction (Thermo
Fischer Scientific). Briefly, RuL-Lys was mixed with an equal volume of the Micro BCA working
reagent and shaken for 60 min at 60°C. After cooling to room temperature, the sample was

transferred to a microplate and its absorbance was read at 562 nm with a microplate reader
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(Synergy 2, BioTek Instruments). The amount of RuL-Lys was determined using a calibration

curve constructed with Lys standard solutions.

3.4.4.3 Adsorption of RuL-Lys onto PNPs

We measured the protein or dye binding to different concentrations of NP without
separation using steady-state fluorescence anisotropy measurement. Fixed concentration of RuL-
Lys was incubated with different concentrations of PNPs (0.00; 0.0025; 0.0064; 0.0192; 0.1; 1.00;
4.00; and 8.97 mg/mL) in 10 mM PB (pH = 7.4) for 5 minutes at 30 °C in dark and the steady-

state anisotropy was measured.

3.4.4.4 Isotherm measurement
0.1 mg/mL PNP was incubated with different concentrations of RuL-Lys (1.88; 7.05;
13.73; 26.4; 33.4; and 47.1 uM) in 10mM PB pH 7.4 at 30°C and after 5 minutes. the steady-state

anisotropy was measured

3.4.45 Competitive measurement

0.016 mM RuL-Lys was mixed with different concentrations of lysozyme (0.00; 0.014;
0.027; 0.041; 0.068; 0.137; 0.342; 0.685; 1.712; 2.859 mM) then a fixed concentration of 0.1
mg/mL PNP was added in 10mM PB pH 7.4 and the samples were incubated for 5 minutes at

30°C. Afterwards, the steady-state anisotropy was measured.
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4 A new luminescent bio-probe of Eu®*-(AOCC) for sensing of
biomolecules (NAA, nucleobases, nucleotides and DNA)
4.1 Introduction
Molecular sensing and recognition systems for amino acids and nucleotides?®?** have
received significant interest recently. Luminescent sensors, and among them lanthanide
complexes, are intensively studied recently for the recognition and measurement of these small
biomolecules due to their high sensitivity and simplicity®>?, In these complexes the population
of the excited states of the Eu* ion is increased by coordination with the ligand, which act as

sensitizer.

In this work, a new Eu3* complex with a coumarin derivative, 8-allyl-2-oxo-2H-chromene-
3-carbaldehyde (AOCC) ligand was synthesized. This sensitizing chromophore can be excited at
wavelengths longer than (>350 nm), enabling the luminescence measurement in the visible region.
Additionally, the chromophore is provided with appropriate functional groups that offer additional
coordination sites to enhance the selectivity of biomolecular recognition. The steady-state
absorption and luminescence spectroscopic properties of the novel Eu®* complex were studied.
The interaction of the Eu**~AOCC complex with different biomolecules (adenine, inosine, and
cytidine, 5'-IMP, 5’-GMP, 5'-ATP, 5’-CMP, 5’-ADP, NAC-Asp, NAC-Lys, NAC-his, and NAC-
him) was observed in solution, allowing biomolecular sensing. The detection of these
biomolecules depends on the formation of a ternary complex of Eu®**-(AOCC)s-biomolecule in
solution. Due to this, quenching of the luminescence of Eu®*-(AOCC)s complex was observed.
Since the Eu**-(AOCC) complex is equipped with a polymerizable group, these reporter molecules
could be incorporated into MIPs in the future, thereby achieving even higher selectivity for the

target biomolecule and also signalling of the binding event.

4.2 Results and discussion

4.2.1 Steady-state absorption and luminescence spectroscopy of Eu®*-(AOCC)s complex
The absorption spectra of AOCC in ethanol shows a maximum absorption band around
310 nm and 350 due to the T — m* transition. The extinction coefficients are (€310 = 16800 + 400
M1 cm™ and &350 = 7200 + 400 Mt cm™). The addition of a solution of Eu®* to the AOCC solution
enhances the absorbance band at 350 nm with the disappearance of the band at 310 nm as shown

in Figure 8a revealing the binding between AOCC and Eu®* ions. The disappearance of this band
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could be attributed to the formation of a complex between the metal ions and the ligand with an

extinction coefficient (350 = 20500 + 400 Mt cm™). Figure 8b shows the chemical structure of
the AOCC ligand.
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Figure 8: Absorption spectra of 30 uM AOCC (1), and 10 uM( Eu®* —AOCC)complex (2) in ethanol at RT (a)
chemical structure of the AOCC ligand (b)

The excitation and emission spectrum of Eu®*-(AOCC)s in ethanol at RT are shown in Figure 9a.

Figure 9b shows the emission spectrum of the AOCC ligand.
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Figure 9: Excitation and emission spectra of 10uM Eu®*-(AOCC)s probe (a), emission spectrum of the AOCC
ligand (30 M) at Zex = 350 nm (b) in ethanol.

In the spectrum of the Eu®*(AOCC)s probe there is a wide excitation band, from about 300

to 400 nm, and the strong emission intensities above 550 nm indicate that the AOCC ligand is a

good chromophore to absorb energy and transfer it to the Eu* ion (antenna effect).

The emission spectrum of the complex shows four emission peaks at Aex = 350 nm: 590 nm
(5Do—7F1), 616 nm (5Do—7F2), 650 nm (5Do—7F3) and 690 nm (5Do—7F4). These are the emission

conforming to the 5Do—7F; transition (J = 1-4) of the Eu®" ion. Among these four emissions, the
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5Do—7F transition shows the strongest red emission, and the 5Do—7F4 transition displays the

second strongest emission.

The Eu®*-(AOCC); probe shows a good antenna effect which means that the triplet energy level of

the ligand matches well with the 4f(5Da) excited state energy level of Eu®*.

The quantum yield of the Eu®**-(AOCC)s probe was 0.89 (see section 3.4.1.1.). In
summary, in the Eu**-(AOCC) complex, the organic ligand absorbs and transfers energy
efficiently to the metal ion (intra-molecular energy transfer) and consequently increases its

luminescence intensity.

As shown Figure 10a and Figure 10b upon measuring various molar ratios of Eu®* ion to
AOCC, the luminescence of Eu** had maximum intensity at a molar ratio of Eu**/L = 1:3, which
refers to the formation a Eu®*-(AOCC)s complex (see section 3.4.1.2.). The reaction could be
formulated as in eq (26):

Eud*+ 3(AOCC) <> Eu**-(AOCC)3 (26)
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Figure 10: Luminescence spectra of Eu®* and AOCC in 1:1, 1:2, 1:3, 1:4 and 1:5 molar ratios with total species
concentration of 40 uM in ethanol at Aex=350 nm (a), Job plot of the [Eu]-[AOCC] system with Zem = 616 nm and
Jex =350 nm in ethanol (b) at RT.

Based on this measurements, the stoichiometry of the Eu**-(AOCC); complex is 1:3.
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4.2.2 Solvent effect on the luminescence properties of the complex
We used five solvents to study the solvent effect, acetonitrile, ethanol, methanol,

tetrahydrofuran and water (see section 3.4.1.3.). The concentration of the Eu®**-(AOCC)s complex

was 10 uM. Solvents had a strong effect on the luminescence intensity of the Eu**-(AOCC)3

complex as indicated in Figure 11.
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Figure 11: Overlaid luminescence spectra of 10 uM Eu3*-AOCC in different solvents (a), and individual
luminescence spectra in each solvent (b-f) (Aex= 350 nm at RT).
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The luminescence intensity values of Eu®*-(AOCC)s at 615 nm were 145; 17; 6.9; 6.6 and
6.2 in ethanol, methanol, water, acetonitrile and THF, respectively. Outstanding emission intensity

was obtained in ethanol, much less intensity was observed in methanol, while in the other three

solvents very low intensities were observed.

4.2.3 Interaction of the Eu3*-(AOCC)3 complex with various biomolecules
4.2.3.1 Luminescence spectra of the Eu®*-(AOCC)s probe with different biomolecules in

different solvents

The interaction of the Eu®*-(AOCC)s complex with various biomolecules in different
solvents were investigated by luminescence measurement in water, acetonitrile, methanol, THF
and ethanol. Figure 12 and Appendix A Table Al show the Fo/F values, where Fg is the

luminescence intensity of the Eu**-(AOCC); complex, and F is the luminescence intensity after

addition of different biomolecules to the complex solution.
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Figure 12: Relative luminescence intensity of 10 4M Eu®*-(AOCC)s in the presence of 10 uM of different
biomolecules

The studied biomolecules have significant influence, i.e. quenching effect on the
luminescence intensity of the Eu**-(AOCC)s probe only in ethanol. The values of Fo/F are close
to 1.0 for all other solvents. In ethanol the Fo/F values ranged from 1.18 to 5, for various

biomolecules under study. Therefore, our further studies have been conducted in ethanol.

4.2.3.2 Calibration curves and limits of detection
The effect of different concentrations of biomolecules on the luminescence emission of the

Eu*—(AOCC)3 complex has been investigated in ethanol. Figure 13 shows the luminescence
spectra of 1 uM Eu®*—(AOCC); complex after the addition of different concentrations of NAC-his
(between 0.099-1 uM) (see section 3.4.1.4.). In Appendix A Figure Al similar spectra of the other

biomolecules are shown using the same concentration range.
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Figure 13: Emission spectra of the Eu**-(AOCC)s-probe (1 M) with different concentrations of NAC-his in
ethanol at RT
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The calibration curves (Fo/F as a function of concentration) for NAC-his in ethanol are

shown in Figure 14 and Figure A2 in Appendix A for the other biomolecules.

16

NAC-his
. B
n
12
w n
ws
n
n
4
n
n
,
0
0.0 0.2 0.4 0.6 0.8 1.0
NAC-his (uM)

1.2

Figure 14: Calibration curve of Eu**-(AOCC)s-probe (1 M) with NAC-his in ethanol at Aex=616 nm

The linear range for all biomolecules is somewhere between 0.2-1.0 uM. The correlation

coefficients (r?) range between 0.947 and 0.995. The limits of detection (LODs) and limit of

quantitation (LOQ) have been calculated based on the calibration plot in Figure 14, using (LOD

=30/ s) and (LOQ 100/ s) %® where o is the standard deviation of the response and s is the slope

of the calibration curve. They were found in the range between 0.044 to 0.13 uM. All the

calibration data has been collected in Table 3.

Table 3: Linear range, regression equation, correlation coefficients, and LODs for the determination of different
biomolecules in ethanol with luminescence containing 1 uM of Eu®*-(AOCC)s probe.

Analyte[Q] Regression equation r2 LOD LOQ Linear range
(1M) (uM) (M)
NAC-Asp Fo/F=0.04+11.8 [c]uM 0.98 0.084 0.28 0.28 -1.08
NAC-Lys Fo/F=3.21+16.0 [c]uM 0.99 0.087 0.29 0.29-1.08
NAC-him Fo/F=-0.30+12.3[c]uM 0.98 0.087 0.29 0.29-1.08
NAC-his Fo/F=-0.13+15.4[c]uM 0.97 0.099 0.33 0.33-0.99
Adenine Fo/F=-1.06+14.6[c]uM 0.97 0.120 0.37 0.37-1.08
Cytidine Fo/F=-0.32+14.1[c]luM 0.99 0.060 0.20 0.20-0.99
Inosine Fo/F=0.20+11.9 [c]uM 0.96 0.130 0.44 0.44 -1.00
5'-GMP Fo/F=-4.0+21.4 [c]luM 0.98 0.096 0.32 0.32-1.08
5'-ATP Fo/F=-2.0+17.5 [c]uM 0.99 0.044 0.14 0.14-1.08
5'-CMP Fo/F=-4.0+46.8 [c]luM 0.95 0.120 0.41 0.41-0.90
5'-IMP Fo/F=-3.5+20.4 [c]uM 0.98 0.120 0.34 0.34-1.08
5'-ADP Fo/F=-4.4+35.0 [c]luM 0.97 0.100 0.34 0.34-1.08

59



Time-resolved luminescence measurement can help to reduce the quick decaying
background luminescence and get superior sensitivity for lanthanide complexes when working
with biological samples. The interfering luminescence background in the sample has a short decay
time, so after excitation of the sample with a short laser pulse, its intensity drops to zero within
nanoseconds. The luminescence of the lanthanide complex decays much slower (in the ps-ms
range). If the emission intensity is measured after a time delay (also called lag time) following
excitation, only the emission from the lanthanide complex is measured and the interferences are
eliminated. Therefore, we have transferred our measurement setup to a microtiter plate reader,
where time-resolved luminescence could be measured using a lag time of 100 us. Luminescence
intensities have been recorded using working solutions of 1 pM Eu®*-(AOCC)s probe in the
presence of different concentrations of biomolecules (between 0.099—1 uM). In the presence of
the biomolecules, the time-resolved luminescence intensity of the Eu®*- (AOCC)s complex at Aem
= 616 nm is also reduced because of its chelation to the biomolecules and formation of a non-

luminescent complex. As a consequence, the net luminescent is quenched.

4.2.3.3 Quenching mechanism and coordination number
To verify the mechanism of quenching, the luminescence data has been analysed at

different temperatures using the Stern—\VVolmer equation eq (27)

FolF = 1+Kg C (27)

where Ky is the Stern—\Volmer constant, F and Fo are the luminescence intensities of the
Eu-(AOCC)s complex in the presence and absence of biomolecules, respectively, c is the
concentration of the biomolecule. The Stern-Volmer plot for NAC-his is shown in Figure 15. In

Appendix A Figure A3 similar plots for the other biomolecules are shown.

60



204 NAC-his '

B 298K

16 1 303K

308 K

* > e

313K

0.0 0.2 0.4 0.6 0.8 1.0 1.2
NAC-his (uM)

Figure 15: Stern—-Volmer plots for Eu®*-(AOCC)s-probe (1 M) with different concentrations of NAC-his at
different temperatures in ethanol

The quenching process can be divided into two types: static and dynamic quenching. Static
quenching implies the formation of a ground-state non-luminescent complex, whereas collisional
or dynamic quenching involves the collision followed by the formation of a transient complex
between an excited-state fluorophore and a ground-state quencher. The excited-state complex
dissociates upon radiative and nonradiative deactivation. Static and dynamic quenching can be
distinguished by their different dependencies on the temperature and excited-state lifetime.
Dynamic quenching is diffusion controlled, because the quencher must diffuse to the fluorophore
during the lifetime of the excited state. Since high temperature will result in a large diffusion
coefficient, the bimolecular quenching constant (Ksv) is expected to increase with temperature. If
the Stern-Volmer quenching constant decreases with increasing temperature, it can be concluded

that the quenching process is static, rather than dynamic®°2%’.

Table 4 shows the Stern—Volmer quenching constants Ksy for the biomolecules under

study.

Table 4: The Stern-Volmer constants (Ksv) and correlation coefficients of Eu®*-(AOCC)3 probe with the
biomolecules at different temperatures.

Analyte Temperature Ksv r
(K) (uM)
NAC-ASP 298 25.1 0.991
303 8.56 0.996
308 7.31 0.987
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313 4,54 0.990

NAC-Lys 298 9.01 0.999
303 5.49 0.997

308 3.63 0.991

313 1.55 0.997

NAC-him 298 11.4 0.971
303 7.24 0.948

308 5.52 0.944

313 3.35 0.961

NAC-his 298 18.8 0.994
303 13.7 0.992

308 6.93 0.998

313 3.91 0.990

Adenine 298 941 0.965
303 6.25 0.990

308 3.80 0.979

313 1.21 0.954

Cytidine 298 7.88 0.993
303 3.80 0.968

308 2.79 0.996

313 1.52 0.988

Inosine 298 11.3 0.995
303 6.87 0.991

308 5.35 0.993

313 3.36 0.987

5'-GMP 298 6.11 0.986
303 5.39 0.965

308 4.21 0.983

313 3.85 0.959

298 5.28 0.990

5'-ATP 303 1.52 0.948
308 0.78 0.961

313 0.60 0.936

5'-CMP 298 8.68 0.980
303 5.65 0.959

308 4.05 0.977

313 2.45 0.969

5'-IMP 298 8.43 0.983
303 4.64 0.983

308 4.32 0.985

313 2.35 0.992

5'-ADP 298 10.10 0.996
303 6.10 0.983

308 3.70 0.984

313 2.48 0.988

It can be seen that the Ksv values are becoming lower with increasing temperatures. So, the
quenching of the Eu®*-(AOCC)s probe upon binding these analytes is initiated by ground-state

complex formation rather than dynamic collision. As the Stern-VVolmer equation applies to simple
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systems, where one fluorophore interacts with one quencher molecule, the good fit obtained in our

system implies that Eu®*-(AOCC); forms a 1:1 complex with the different biomolecules.

4.2.3.4 Selectivity of the assay

To quantify the selectivity of the Eu®'-(AOCC)s; complex towards the different
biomolecules the ratio of the Stern-VVolmer binding constants was calculated and collected in Table
5. The binding constants with the different nucleobase containing biomolecules increase in the
following order: 5-ATP < 5-GMP < cytidine < 5-IMP < 5'-CMP < adenine < 5'-ADP < inosine.
The ratio of the affinity binding constant of the different biomolecules to that of 5'-ATP were 1.16,
1.49,1.60, 1.64, 1.78, 1.91 and 2.14 for 5'-GMP, cytidine, 5-IMP, 5'-CMP, adenine, 5-ADP and
inosine, respectively. The binding affinity of the Eu**-(AOCC)3; complex towards NAA increase
in the following order: NAC-Lys < NAC-him < NAC-his < NAC-Asp. The selectivity of NAC-
him, NAC-his and NAC-Asp to NAC-Lys are 1.32, 2.09 and 2.79, respectively.

Table 5 Stern-Volmer binding constants (Ks,) and selectivity values of the Eu®*-(AOCC)s complex for N-acetyl
amino acids and for nucleotides and nucleosides in ethanol at RT.

System Ksv selectivity
(ethanol in)
NAA
NAC-Asp 25.1 2.79
NAC-his 18.8 2.09
NAC-him 11.9 1.32
NAC-Lys 9.01 1.00
Nucleobase, nucleosides, or nucleotides
Inosine 11.3 2.14
5'-ADP 10.1 1.91
adenine 9.41 1.78
5'-CMP 8.68 1.64
5'-IMP 8.43 1.60
cytidine 7.88 1.49
5'-GMP 6.11 1.16
5'-ATP 5.28 1.00

4.2.3.5 Thermodynamic parameters and nature of the binding forces

The interaction between the Eu®*-(AOCC)s complex and the biomolecules may proceed
through van der Waals forces, hydrophobic interactions, electrostatic interactions or hydrogen
bonding?®. The thermodynamic parameters give evidence for confirming binding modes, where
the sign of the obtained values reflects the type of binding. AS > 0 and AH > 0 reflects a
hydrophobic interaction; AS < 0 and AH < 0 suggests the hydrogen bond formation or van der
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Waals force, and AS > 0 and AH=0 implies an electrostatic force?>®. The thermodynamic
parameters have been determined using the Vant- Hoff eq (28) to further characterize the acting

forces between the Eu**-(AOCC)3 and various biomolecules:

InK=-2242 (28)
RT R

where R is the gas constant, T is the experimental temperature in Kelvin, and K is the
binding constant. Plot of In K against 1/T for the binding of the Eu**-(AOCC)3; complex with NAC-
his is displayed in Figure 16 (see Appendix A Figure A4 for the other biomolecules).
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Figure 16: In K against 1/T plot of the interaction of Eu®*-(AOCC)s-probe (1 M) with different concentration of
NAC-his at different temperature in ethanol

The values of AH and AS have been calculated from the slope and intercept, respectively.

The values of free energy change, AG have been determined using the following eq (29):

InK=—2% (29)
RT

The values of AG, AH, and AS at various temperatures have been collected in Appendix A
Table A2. The negative values of AG indicated that the reaction is spontaneous, i.e. the
complexation is thermodynamically favourable. The binding constants decreased with increasing
temperature indicating the exothermic nature of the reaction. In case of NAC-ASP, NAC-Lys,
NAC-his, NAC-him, adenine, cytidine, inosine, 5'-IMP, 5-CMP, 5'- ATP and 5-ADP; AH and

AS are negative, this is attributed to Van der Waals force or hydrogen bond formation. In the case
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of, 5-GMP AH has a small negative value, while AS has a positive value, suggesting an
electrostatic interaction. The large value for the entropy changes also suggests that the binding

process is mostly entropy-driven.

4.2.4 Luminescence studies of the interaction of the Eu3*-(AOCC)3 probe with CT-DNA

The interaction of metal complexes with CT-DNA have been the subject of interest for the
development of effective chemotherapeutic agents. Eu**centers are particularly attractive moieties
for such research, since they exhibit well-defined coordination geometries and also often possess
distinctive electrochemical and photophysical properties, thus enhancing the functionality of the
binding agent. Methylene blue (MB) is a photosensitizer dye that binds to CT-DNA through
intercalation. The emission intensity of MB is quenched by adding CT-DNAZ®,

4.2.4.1 Competitive measurements with methylene blue

Luminescence emission dependent competition technique provides indirect proof
that the binding mode is intercalation. To check the binding mode between CT-DNA and the Eu®*-
(AOCC)s complex, a competitive binding experiment has been carried out. The emission spectra
of the CT-DNA-MB complex in the absence and the presence of different concentrations of the
Eud*-(AOCC)s complex have been measured as shown in Figure 17a. Luminescence intensity of
the CT-DNA-MB complex with different concentrations of the Eu®*-(AOCC)s complex can be

seen in Figure 18b.
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Figure 17: Luminescence intensity of MB and the MB—CT-DNA complex in the absence and the presence of Eu®*
complex (a), Luminescence intensity of Eu-(AOCC)s with DNA aganist the concentration of Eu-(AOCC)s (b). (The
concentrations of CT-DNA and MB were 10* M and 10-°M, respectively; the concentrations of the complex were
0.0; 3.29; 6.52; 9.75; 13.0; 16.2; 19.4; 22.7; 25.9; 29.1; 32.4; 38.8; 42.1 and 45.3 uM)
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It was noticed that the luminescence intensity of MB increased with the incremental
addition of the Eu**-(AOCC)s complex. This enhancement is due to the formation of Eu®*-
(AOCC)3 —CT-DNA complex and the release of free MB molecules from CT-DNA-MB complex.
Therefore, recovery of the luminescence of MB is indicative of an intercalative mode of binding
between the Eu®*-(AOCC)s complex and CT-DNA.

4.2.4.2 Viscometric studies

To further confirm the binding mode between CT-DNA and the Eu**-(AOCC)s complex,
a viscosity study has been carried out (see section 3.4.1.5). (n/no)Y® was plotted versus the ratio
of the concentration of the Eu®*-(AOCC)s complex to CT-DNA (see Figure 18), where 1 and no
are the viscosity of CT-DNA in the presence and absence of the Eu**-(AOCC)s complex.
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Figure 18 Effect of increasing amounts of the complex on the relative viscosity of CT-DNA at RT.

The viscosity of CT- DNA increases with increasing complex concentrations because of
lengthening of the DNA by insertion of the Eu®*-(AOCC)s complex between CT-DNA base pairs.
This is again an evidence that the binding mode between the Eus+-(AOCC)s complex and CT-

DNA is intercalation26%:261,

4.3 Conclusion

A simple, rapid time-gated luminescence based method for determining of NAC-Asp,
NAC-Lys, NAC-him, NAC-his, adenine, cytidine, inosine, 5'-GMP, 5-IMP, 5-ATP, 5-CMP, and
5'-ADP concentrations in microtiter plate utilizing the long lifetime Eu** -(AOCC)s probe has been
advanced. The LOD was found between 0.044 — 0.13 uM for the different biomolecules studied.

The linear range was also calculated, and the features of the interaction between the Eu®*-(AOCC)3
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probe and the analytes have been inspected. The luminescence of the Eu*-(AOCC)s probe is
strongly quenched by the different biomolecules in ethanol solvent. The corresponding binding
constants have been determined at different temperatures and from this dependence, it was
established that quenching mechanism of is static. The number of binding sites for the analyte in
the Eu®*-complex is 1. A thermodynamic analysis revealed that the reaction is spontaneous. The
type of interaction between the Eu®*-complex and the biomolecules was hydrogen bonding or Van
der Waals force, except for 5'-GMP, which was electrostatic in nature. For assessing the selectivity
of the probe the ration of the binding constants was calculated. The selectivity order of the Eu®*
(AOCC)s complex towards the different nucleosides, nucleotides and adenine was: inosine > 5'-
ADP > adenine > 5'-CMP > 5-IMP > cytidine > 5'-GMP > 5'-ATP, while for the NAAs it was
NAC-Asp > NAC-his > NAC-him > NAC-Lys . Luminescence and viscosity studies for the
interaction of the Eu®*-(AOCC)3; complex with CT-DNA were carried out, and it was found that

the binding mode between them was intercalative.
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5 Optimization of the initiator system of thermoresponsive
P(NIPAmM-co-AAc-co-TBAmM) microgels designed for molecular
imprinting of lysozyme

5.1 Introduction

Crosslinked PNIPAmM hydrogels and microgels are particularly interesting in biomedicine

219

262 for drug delivery and tissue engineering, and in medical diagnostics?*® in biosensing and

bioimaging, due to their unique themoresponsive property.

Copolymerizing other functional monomers with NIPAm, PNPs with novel properties can
be obtained with extended applicability. For example, incorporating special functional monomers
that can interact with amino acid residues in proteins, selectivity for these biomacromolecules can
be achieved. Balanced combination of a negatively charged (AAc) and a hydrophobic monomer
(TBAm) with NIPAm proved to be a requisite for high lysozyme affinity*. Moreover, the
incorporation of high percentage of TBAm into the pNIPAm backbone lowers the VPTT from
32°C to approximately 11°C, therefore free-radical precipitation polymerization at RT becomes
feasible.

Some researchers further increased the affinity of these biomolecule-selective PNPs by
molecular imprinting using solid phase synthesis?2, where the polymerization takes place in the
presence of the template protein covalently attached to glass beads. In these systems the generally
used persulfate-initiated precipitation polymerization method!3**¢ which was carried out in the
presence of a surfactant at 60 °C, had to be modified because these circumstances are not favorable
for the imprinting of the delicate proteins. The high temperature required for the fast
decomposition of APS initiator could be alleviated by applying an activator. TEMED is widely
used with APS as a redox pair to initiate the polymerization of acrylamide hydrogels under mild
circumstances and has been introduced for the preparation of PNIPAm nanogels, as well, by Hu
etal.}*. The above cited, protein imprinted multifunctional PNPs have been also synthesized using
the APS/TEMED redox pair. Another, less frequently used reducing agent with APS is SBS4,

Our aim was to study how the different initiator systems influence the properties of
multifunctional pNIPAmM nanoparticles, in order to achieve favorable protein binding affinities

under optimal polymerization conditions for molecular imprinting. Until now, there have been

68



very few research conducted to reveal the differences in the microgel/hydrogel properties obtained
with different initiator systems?642%¢  In this work, we have compared the physico-chemical
properties, the polymerization rate and lysozyme binding properties of poly(NIPAm-co-TBAmM-
co-AAc) nanoparticles proposed by Yoshimatsu*9%267-270 ysing different initiation systems. We
have used ammonium persulfate at 60°C both in surfactant-free precipitation polymerization and
also using SDS, and the redox systems APS/TEMED and APS/SBS at RT and at 40°C.

5.2 Results and Discussion

5.2.1 Preparation of the PNPs

We have prepared thermoresponsive PNPs from NIPAm, AAc and TBAmM monomers with
2 mol% BIS crosslinker using different initiator systems (see section 3.2.1 Table 2) shows the feed
monomer composition and other synthesis conditions. The molar ratio of the monomers in samples
PNP1-PNP6 and PNP9-PNP10 was the same as described by Yoshimatsu et al*. 53 mol% NIPAmM
served as a backbone monomer, 40 mol% TBAm afforded hydrophobic character and 5 mol%
AAc provided negative charge to the PNPs. PNP7 and PNP8 contained half as much and two times
more acrylic acid, respectively compared to the others. In two samples the polymerization was
initiated with APS only (PNP1; PNP2) and the polymerization temperature was set to 60°C where
the decomposition rate of APS is adequate. SDS was added to the monomer mixture of PNP1 to
obtain small particles below 100 nanometer?* but it was omitted in case of PNP2 (surfactant—free
polymerization). To carry out the polymerization at (25°C) or near (40°C) RT, TEMED (PNP5-
PNP10) or SBS (PNP3; PNP4) was added to increase the decomposition rate of APS. These latter
circumstances are adaptable in the molecular imprinting of proteins since lower temperatures and

the omission of surfactant are favorable for these biomolecules.

All the polymerizations resulted in milky polymer suspensions even when cooled down to
RT and in each case the yield was above 80% (Table 6). At RT all the polymers were still in a
collapsed state due to the incorporated hydrophobic TBAm monomer. The suspension of PNPs
prepared with (PNP1) and without SDS at 60°C (PNP2) and using SBS (PNP3; PNP4) was stable
even after months. On the contrary, nanoparticles prepared with TEMED (PNP5-PNP10) settled

down in less than an hour. (Figure 19).
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Figure 19: Snapshot of the nanoparticles after 1 hour settling (from left to right; 1 - PNP5 prepared at 40 °C
with TEMED; 2 -PNP1 prepared at 60 °C using SDS, 3 - PNP3 prepared at 40 °C using SBS; and 4 - PNP2
prepared at 60 °C without SDS)

5.2.2 Characterization of the PNPs
The morphology of the different PNPs (PNP1, PNP2, PNP3 and PNP5) was studied by
SEM (Figure 20a-d).

500nm 4800 10.0kV x100k SE(U) 9»"]0/20]9

4800 10.0kV x100k SE(U) 8 500nm 4800 10.0kV x100k SE(U) 7/30/2019 500nm

Figure 20: SEM images of PNPs: a) PNP1, prepared at 60°C using SDS; b) PNP2, prepared at 60°C without
SDS; ¢) PNP3, prepared at 40°C using SBS and d) PNP5, prepared at 40°C with TEMED. All pictures were taken
at 100,000 times magnification

70



PNP1, PNP2 and PNP3 consisted of both single beads and little aggregates of 2 to 10 uniformly
sized particles.

In contrast, PNP5 produced with TEMED, contained substantially larger aggregates of
hundreds of monodisperse particles. This can explain the colloidal solution's rapid settling time
and instability. SEM images were used to determine the size of PNP1, PNP2, PNP3, and PNP5 in
the dry condition. Table 6 shows the particle sizes determined by SEM together with the
polydispersity indices (U) (see section 3.3.4).

Table 6: Particle size, zeta potential and yield of the nanoparticles

Hydrodynamic Dry particle diameter® Zeta-potential Yield

Semple diameter® [nm] Pdl® [nm] U [mV] [%]
PNP1 85.9+1.7 0.031 70.2+9.4 1.057 |-415 88.4
PNP2 444.94+8.9 0.043 374422 1.011 |-42.6 83.1
PNP3 168.0+3.4 0.060 152+14 1.026 |-41.6 88.7
PNP4 173.8+1.7 0.069 |- - -40.0 86.4
PNP5 213+12 0.241 93.4+6.7 1.015 |-40.7 92.9
PNP6 144+£25 0.577 - - -32.7 86.4
PNP7 | 139.0+7.0 0.096 |- - 425 98.2
PNP8 251.74£5.5 0.114 - - -35.7 89.3

@ Measured by DLS in water at 25°C
bPdl obtained from DLS measurement
¢ Measured by SEM

4U obtained from SEM measurement

PNP1 (polymerization at 60°C with SDS) yielded the smallest particle size, 70.2+9.4 nm, while
PNP2 (prepared without the addition of SDS at 60°C) lead to several hundred nanometer particle
diameter (374+22 nm). The use of APS initiator and SBS together, during synthesis of PNP3,
produced particles with a diameter of 152+14, while particles with a diameter of 93.4+6.7 nm were
formed in PNP5, prepared with APS and TEMED.

It may be extrapolated that both the use of a surfactant with APS and the use of the redox
initiator systems allowed the creation of significantly smaller particles than surfactant-free
polymerization. The size distribution of all the particles was very uniform with PdIs ranging from
1.011 to 1.057.

71



DLS was used to measure the size of the hydrated, collapsed PNPs in water at 25°C. (Table
6). Due to the hydration, these values were 10-20% higher than the dry particle diameters in the
case of PNP1-3. However, the particle size of PNP5 measured by DLS was more than twice as
large as the size determined by SEM. This is due to the largely aggregated particles rather than to
extensive swelling. Size homogeneity obtained from DLS measurements backed up this
assumption. Pdl < 0.1 indicated that PNPs prepared at 60°C or with SBS (PNP1-4) were highly
monodisperse, while PNPs obtained with TEMED (PNP5-6) had a much broader size distribution.

The hydrodynamic diameter of PNP1-5 at different temperatures was measured using DLS
to determine the volume phase transition temperature. Because of its colloidal instability, PNP6
could not be measured. Figure 21 shows that all PNPs exhibited similar VPT at around 10°C in
agreement with literature data for the same monomer composition*. Below the VPTT the PNP
solutions became completely transparent and no valid measurement results could be obtained,
probably due to the very low scattering intensity. It can be concluded that the use of different

initiator systems did not affect the collapse temperature.
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Figure 21: Temperature dependence of the hydrodynamic diameters of a) PNP1 prepared with SDS at 60 °C; b)
PNP2 prepared at 60 °C; ¢) PNP3 prepared with SBS at 40 °C; d) PNP4 prepared with SBS at RT; €) PNP5
prepared with TEMED at 40 °C

To prove the incorporation of acrylic acid into the PNPs, zeta potential measurements were
performed in water. A reference PNP was used for this purpose, containing 58 mol% NIPAm, 40
mol% TBAm, and 2 mol% BIS but no acrylic acid was added. The polymer was synthesized at RT
utilizing the APS/TEMED initiator system. The zeta potential of this polymer was -7.5+2.0 mV.
As shown in Table 6, all of the PNPs exhibited significantly higher negative zeta potential values
than the reference polymer, showing that AAc was incorporated into the PNP structure, resulting

in negative charges on the particle surface.

5.2.3 Monomer conversion measurements
In order to investigate the polymerization kinetics and the extent to which the different
monomers are incorporated into the polymer network we have followed the amount of residual

monomers in time during the PNP synthesis.

For this purpose, aliquots from the reaction mixture were taken at different time intervals and the
residual monomers were quantitated by HPLC after filtration (see section 3.3.9.1). Conversion of
each monomer was calculated, together with the total monomer conversion. To compare the
polymerization kinetics using the different initiator systems the total monomer conversion was
plotted in time in Figure 22. For the time course of the individual monomer conversions see Figure
B5 in Appendix B.
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Figure 22: Total monomer conversion with time obtained with the different initiator systems.

It can be noted at first glance that the polymerization rate using the redox initiator systems
(PNP3 and PNP5) is much higher at 40°C than with merely APS at 60°C (PNP1 and PNP2). This
is attributable to the much faster initiator decomposition rate in the redox system compared to
thermal homolysis?’>?", With SBS and TEMED maximum conversion is achieved already after
about 40 minutes, while using only APS with or without SDS, approximately 120 minutes is

needed.

It is also of interest to compare the polymerization rates of the two redox initiator systems at RT
and at 40°C (Figure 23).

Total monomer conversion
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Figure 23: Total monomer conversion using the redox initiator systems at different temperatures
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With the SBS/APS system the rate of polymerization is much slower at RT (PNP4) than at 40°C
(PNP3), in fact, it is similar to that of the polymerizations at 60°C with only APS. On the contrary,
using TEMED with APS the rate of polymerization is only slightly affected by the temperature.

To visualize the relative conversion rates of the individual monomers, their conversion was

plotted against the total monomer conversion in the different polymerization systems (Figure 24).
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Figure 24: Conversion of the different monomers as a function of the total monomer conversion (PNP1 prepared
at 60°C using SDS; PNP2 prepared at 60°C; PNP3 prepared at 40°C with the APS/SBS initiator system; PNP5
prepared at 40°C with the APS/TEMED initiator system)

In these plots if a monomer has a more positive curvature than the other it indicates that it is

converted faster throughout the reaction.
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The relative incorporation rate of BIS, TBAm and NIPAm shows quite similar picture,
only slight differences exist. In all systems the BIS crosslinker reacts faster than the other
monomers and NIPAm is the slowest among the three. This behaviour has already been reported
with NIPAM/BIS microgels?* and has important consequences on the structural inhomogeneity
of the microgel particle. Because BIS incorporates faster into the growing microgel particles than
NIPAm, the internal core of the particle has a higher crosslink density while the outer shell is

composed of dangling branched polymer chains?’>.

As far as the AAc conversion is concerned, there is a striking difference between the
TEMED/APS system and the others. Using APS with and without SDS at 60°C and using the
SBS/APS redox initiator system the relative incorporation rate of AAc is higher than that of
NIPAm indicating that the core of the microgel particles is somewhat more enriched in AAc than
the outer layers. This is in good agreement with the results of Hoare et al. who investigated the

functional group distributions in carboxylic-acid-functionalized p (NIPAm)-based microgels?’.

It is stunning to see, however, that using TEMED to catalyze the decomposition of APS,
the polymerization rate of AAc drastically lags behind the others. Moreover, at the end of the
reaction when all the other monomers are fully converted there is still significant amount (approx.
15%) of unreacted AAc monomer in the polymerization mixture. Hoshino et al. have come to a
qualitatively conforming conclusion when they measured the incorporated AAc to be 48% at
different AAc feed concentrations in a similar polymerization system?’’. If we take a closer look
on the polymerization rate of the individual monomers in Figure B7 in Appendix B, it becomes
evident that TEMED selectively enhances the polymerization rate of all the monomers, but acrylic
acid. One can explain this by the acid-base properties of the two substances: TEMED, being a
weak base (pKa 8.97), can react with acrylic acid, a weak acid (pKa 4.25), forming an acrylate salt.
It was shown earlier for the free-radical polymerization of acrylic acid in aqueous solutions that
by changing the pH from 1 to 7 and concomitantly neutralizing the acid, the polymerization rate
is rapidly decreasing?’®-2%°. This might be due to the inherently different polymerization rates of
the protonated and deprotonated forms of acrylic acid. Therefore, by adding TEMED to the
polymerization mixture where AAc is present in comparable quantity, the acid will be neutralized

(the degree of ionization is 0.8) and its polymerization slows down.
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To clarify this behaviour, first, we have changed the AAc feed concentration to half and
double of the initial composition i.e. from 5 mol% (PNP5) to 2.5 mol% (PNP7) and 10 mol%
(PNP8) and carried out the polymerization using TEMED with APS at 40°C.

In Figure 25a the conversion of AAc during the three polymerization reactions is plotted
with time. As demonstrated in the figure, there is no significant difference in the rate of AAc
conversion and the final monomer conversions are also equal in each case. The conversion of AAc
is not complete only 85% of the initial amount is polymerized. Concurrently, the AAc
concentration in the final particles is somewhat less than 2.5; 5 and 10 mol%, that is 2.1; 4.3 and
8.8 mol%, respectively. However, if we plot the conversion of AAc against the total monomer
conversion (Figure 25b), one can observe important differences.
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Figure 25: Conversion of AAc as a function of time in PNPs with different molar ratios of AAc in the presence of
TEMED at 40°C (a); Conversion of AAc plotted against the total monomer conversion in PNPs with different
molar ratios of AAc in the presence of TEMED at 40°C (b)

With the lowest, 2.5 mol% AAc feed concentration the incorporation rate of AAc compared
to the other monomers is the lowest, and increasing the molar concentration of AAc, its relative
polymerization rate increases, the most explicitly with 10 mol% AAc. Since the polymerization
rate of AAc is the same in all three systems, this must imply that the polymerization rate of the
other monomers is decreasing by feeding more and more AAc (see Figure B6 in Appendix B).
This, in turn, suggests that excess AAc inactivates TEMED and its catalytic effect ceases. Caglio
et al. have found that during polyacrylamide gel polymerization the APS/TEMED system gives
optimal incorporation of the monomers only in the 7-10 pH range and decreasing the pH the
conversion drops markedly until at pH 4 no gelation occurs?!. We have measured the pH in the
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monomer mixtures of PNP7, PNP5 and PNP8, and it was found that increasing the molar
concentration of AAc from 2.5 to 5 and 10 mol% the pH successively decreases from 8.3 to 6.0
and 5.0, respectively, which eventuates that TEMED becomes less and less active, as we observed.
It should be mentioned here, that the same authors suggested the concurrent use of SBS and
TEMED to extend the optimal pH range of the acrylamide polymerization down to pH 4.

As a second step, we have decreased the amount of TEMED to 50 and 25% of its original
concentration in the polymerization solution, thereby changing the original APS/TEMED 1:1
molar ratio to 1:0.5 (PNP9) and 1:0.25 (PNP10) to see how this affects the polymerization rate.
Polymerizations were carried out at 40°C. The total monomer conversion with time and the AAc
conversion against the total monomer conversion were plotted in these systems (Figure 26a and
b, respectively). (For the change of the individual monomer conversions with time see Figure B7in
Appendix B).
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Figure 26: Total monomer conversion with time in PNPs prepared with different TEMED concentrations (a);
Conversion of acrylic acid as a function of the total monomer conversion with varying TEMED concentrations (b).

From Figure 26a one can see that by lowering the TEMED concentration from 100% to
50% and then to 25% of its original value, the polymerization becomes slower as can be expected
in a common redox initiation system. Similar observation has been made by Feng et al. in the
solution polymerization of acrylamide!®. It can also be perceived that using 1:0.25 APS/TEMED
molar ratio the polymerization practically stops, well before the monomers are completely
converted. The total monomer conversion is only 0.77. Figure 26b indicates that by lowering the
TEMED concentration the relative incorporation rate of AAc is getting higher approaching that of

the polymers synthesized without TEMED. Here again, just like with increasing concentrations of

78



AAC, this signifies that it is not the AAc who reacts faster, but the other monomers react slower
(see Figure B7 in Appendix B). Using 1:1 and 1:0.5 APS/TEMED ratio, the final monomer
conversion of AAc does not change (=0.8). In these samples the final monomer conversion of the
other monomers approaches unity. With 1:0.25 APS/TEMED ratio the final conversion of AAc

is less, only 0.67, but here the conversion of the other monomers is also incomplete.

The above results support the assumption that TEMED and AAc mutually affect each other
during the polymerization. Excessive amounts of AAc shift the pH of the polymerization to lower
pH values where the catalytic effect of TEMED is inhibited. On the other hand, while TEMED
enhances the polymerization rate of NIPAm, BIS and TBAm, it slows down the polymerization of
AAc by partially or completely neutralizing it and forming acrylate salt.

These effects result in two consequences considering the resulting microgel particles. (i)
Since not all AAc is converted during the PNP synthesis, the microgel particle contains less AAc
than the feed monomer composition, differing from the nanoparticles prepared with only APS at
60°C, with or without SDS, or at 40°C with SBS, where all the monomers are fully converted. (ii)
The microstructure of the particles synthesized using TEMED might be very different from that of
the PNPs prepared with the other initiation systems. While with the latter initiators AAc is
converted somewhat faster than NIPAm during microgel formation, using TEMED the opposite
tendency prevails, that is AAc is converted much slower. Therefore, as opposed to the other
polymers where the core of the particle is slightly enriched in AAc and the outer shell contains
relatively lower concentrations, here the particle core has markedly lower AAc concentration while
the outer surface is highly enriched in it. We have to bear in mind though, that the average AAc
concentration in the particle is lower than in the other systems due to the incomplete conversion
of AAc.

5.2.4 Lysozyme binding properties of the nanoparticles

In the next set of experiments, we have addressed, how the above microstructural
differences influence the protein binding affinity of the nanoparticles. Thus we compared the
lysozyme binding properties of PNPs synthesized with the different initiator systems. Lysozyme
binding to the PNPs was assessed by incubating increasing concentrations of the nanoparticles
with 5 pg/mL protein then separating the bound and unbound protein by ultrafiltration. The

lysozyme concentration in the filtrate (unbound concentration) was estimated with an enzymatic
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assay using Micrococcus lysodeikticus cell suspension as substrate (see section 3.4.2.2). Ratio of
the bound and total amount of lysozyme was plotted against the PNP concentration. This plot can

be seen in Figure 27a for the differently initiated polymers.

At a first glance, it is obvious that different concentrations are needed from the various
nanoparticles (PNP1; PNP2; PNP3 and PNP5) to bind the same amount of lysozyme. This can
arise from two aspects. First of all, due to differences in the size of the nanoparticles, their surface
area, available for protein binding, is also different. Second, this can be also an indication that the
PNPs possess dissimilar affinities for the protein. In order to separate these two phenomena, we
have calculated the bound amount of lysozyme per unit surface area which is independent of
particle size. This has been estimated from the particle diameter and density and the initial, linear
portion of the binding curve, where the particle surface is supposedly saturated with the protein

using the following eq (30):

CNiLYS = L (30)
A ‘NP
pVyp NP pdy

where:

CLys IS the bound lysozyme concentration

cne IS the weight concentration of the nanoparticles

p is the estimated density of the nanoparticle (0.27 g/cm?, taken from?82)
Vnp and Anp is the volume and area of one nanoparticle, respectively

dn is the hydrodynamic diameter of the nanoparticle

The results can be seen in Table 7 and they can be considered only as rough approximate
values. As can be concluded from Table 3, PNP1 (SDS at 60°C), PNP2 (at 60°C) and PNP3 (SBS
at 40°C) binds lysozyme in a similar order of magnitude. This suggests that they show similar
affinity to the protein. PNP5 (TEMED at 40 °C) binds almost an order of magnitude less protein
showing a significantly decreased affinity. This can be interpreted using the results of the monomer
conversion measurements. In PNP1; PNP2 and PNP3 all the monomers are completely converted
and incorporated into the particles so the average particle composition is the same for all three

samples.
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Table 7: Estimated lysozyme binding capacity of the nanoparticles

sample gi_ydrodynamic Bound Iysozyme2 per unit
iameter [nm] surface area [p1g/m?]

PNP1 85.9+1.7 1700

PNP2 444 .9+8.9 1200

PNP3 168.0+3.4 1000

PNP5 153.9+5.5 250

PNP7 139+7.01 50

PNP8 251.745.5 700
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Figure 27: Bound/total lysozyme concentration with increasing nanoparticle concentration of PNP1; PNP2;
PNP3 and PNP5 having the same feed monomer composition (a)and of PNP7; PNP5 and PNP8 having 2.5; 5
and 10 mol% AAc in the feed monomer mixture (b)

The relative conversion rate of the monomers is also quite similar and, as a consequence
the particle microstructure should be fairly homogeneous, the internal core of the particles is only

slightly enriched in AAc compared to the outer surface.

On the contrary, in PNP5 the AAc conversion is not complete, therefore its molar
concentration in the final particle is less than in the three other PNPs. What is more important, it’s
relative conversion rate is significantly lower than in PNP1; PNP2 and PNP3, and the outer part
of the nanoparticle contains almost all the incorporated AAc and much less from the other
monomers. This implicates that the proper balance of the hydrophobic TBAm and the charged
AAc monomer that is necessary to bind lysozyme* is not achieved and the PNP has much lower
affinity to the protein.
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In a complementary set of experiments, we have compared the lysozyme binding affinity of
PNP7; PNP5 and PNP8 having 2.5; 5 and 10 mol% AAc feed concentrations, respectively. These
results are shown in Figure 27b. Increasing the AAc content led to an increased lysozyme binding
since less particle could bind the same amount of protein. To correct for the different surface areas
of the PNPs, the bound lysozyme per unit surface area has been calculated again and shown in
Table 7. PNP7 synthesized with the lowest AAc feed concentration showed the lowest binding
affinity, the surface concentration of lysozyme being only 50 pg/m?. Increasing the AAc feed ratio
to 5 and 10 mol% resulted in correspondingly increased surface concentrations of 250 and 700
ng/m?, respectively. The increased concentration of the negatively charged monomer, however,
cannot account for the large difference in the observed affinities, in itself. The main reason is
presumably the difference in the relative incorporation rates of AAc in PNP5, PNP7 and PNP8
(see Figure 25b and Figure B6 in Appendix B) and the evolving inhomogeneous monomer
distributions across the nanoparticles. In PNP7 with 2.5 mol% AAc feed concentration the particle
surface is much more enriched in AAc than in PNP8 with 10 mol% AAc, where the polymerization
of the other monomers is much slower, therefore AAc is more homogeneously distributed in the
particle. The more balanced hydrophobic and charged patches on the particle surface consequently

ensure considerably higher binding affinity towards lysozyme.

5.3 Conclusion

Different initiator systems have been used and compared for the synthesis of poly (NIPAmM-
co-TBAM-co-AAc) nanoparticles to find an optimal system for the molecular imprinting of
proteins under mild conditions. Two redox initiator systems, APS/TEMED and APS/SBS were
tested in comparison with the widely used thermal initiation of APS at 60°C. While with thermal
and SBS initiation the conversion rate of AAc was comparable to the other monomers, using
TEMED the relative incorporation rate of AAc was extremely slow. This was attributed to the acid
base reaction between AAc and TEMED. As a result, the other systems afforded almost
homogeneous incorporation of AAc throughout the particle, but the TEMED activated reaction
rendered AAc to accumulate almost exclusively in the outer shell of the nanoparticles. This, in
turn, lead to a decreased binding of lysozyme.
Due to the inherent basic properties of TEMED, its application in the polymerization of
multifunctional nanoparticles containing acidic monomers requires much attention and careful

optimization. SBS, a similar redox activator of APS offers a viable alternative when the synthesis
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temperature should be kept low, because it affords nanoparticles with similar microstructure and

protein binding properties as the thermally initiated polymerization.
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6 Dual functional magnetic nanoparticles for the bioanalysis of
lysozyme in urine samples

6.1 Introduction

Polymer-coated core-shell magnetic nanoparticles are intensively explored in biomedical
applications?®® and in bioanalysis®®. In the latter field, they can be used to isolate sample
components using an external magnet to replace the tedious centrifugation and filtration steps in a
convenient and economical way. The high specific surface area of the nanoparticles combined with
the ease of separation due to their superparamagnetic properties makes them excellent candidates
as sorbent materials for the separation and enrichment of proteinst®**°2, The polymer shell prevents
aggregation of the nanoparticles® and provides selectivity and high affinity towards a predefined
target protein. Stimuli-responsive polymer coatings can add further unique properties to these
multifunctional nanoparticles like light-, temperature- or pH-controlled binding and release of the

target analyte?,

Recently several groups have developed polymer-coated core-shell MNPs for the selective
extraction of lysozyme and some of them already briefly demonstrated their use in biological
samples’8839698157285-292441 - The majority of the works focused on the preparation and
characterization of the adsorbent particles but, unfortunately, the demonstration of their practical
applicability through validated method development in real samples has received very little
attention. We have found only one report in the literature where a clinical method for lysozyme
has been validated that used MIP-coated MNPs for the sample cleanup of highly (2000 times)
diluted urine samples coupled with chemiluminescence detection®*®, however, the selectivity of the

particles against interfering proteins was quite low*’.

In this chapter we propose novel multifunctional hydrogel coated magnetic nanoparticles as
highly selective sample enrichment devices for the clinical measurement of lysozyme in urine
samples. A polymer layer bearing appropriate functionalities in an optimized composition* is
coated onto preformed RAFT agent-functionalized MNPs using an initiator system that we earlier
optimized (Chapter 5). Owing to their thermoresponsive nature, the obtained nanoparticles (Lys-
PMNPs) can extract lysozyme with very high selectivity from urine at RT, and the bound protein
can be released into buffer at low temperature and quantitated. We were also motivated to elaborate

a bioanalytical method, whereby different experimental variables of the selective extraction
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process were thoroughly optimized. Finally, the method was validated according to bioanalytical
method validation guidelines 2%, thereby fostering the application of protein-selective MNPs from

research stage to routine analysis.

6.2 Results and Discussion

6.2.2 Preparation and characterization of P(NIPAm-co-TBAmM-co-AAc) coated MNPs (Lys
-PMNPs)
Lys-PMNPs have been prepared by synthesizing a superparamagnetic core, followed by
the layer-by-layer formation of the polymer coating (Figure 28).
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Figure 28: A schematic representation of Lys-PMNP preparation

First, we tried to prepare uniform MNPs in several ways: using co-precipitation®®,
solvothermal method?®®"18, or by aggregating MNPs onto carboxylated polystyrene nanoparticles
(PS-Fes04 NPs)?*. The morphology of the different magnetite nanoparticles was characterized
by SEM and TEM measurements (Figure 29).
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Figure 29: SEM imges of FesO4 prepared by the co-precipitation method (a); SEM images of PS-Fe3O4 (b);
SEM images of FesO4 prepared by the solvothermal method (c); TEM images of PS-FesO4 (d); TEM images of

FesO4 prepared by solvothermal method (e)

Figure 29a shows the SEM image of FezO4 particles prepared by a co-precipitation method (see
section 3.2.3.1.1), Apparently, these were aggregated and not uniform. Figure 29b and d show
SEM and TEM pictures of heteroaggregated carboxylic PS-FezO4 NPs (see section 3.2.3.1.2). They
are monodispersed particles with a size of approximately 320 nm. The problem with them was that
the magnetic separation took very long time, because of their low Fe3O4 content. A possible
solution for could have been to use smaller PS latex particles but we have opted for another
synthesis method, the solvothermal method. Figure 29c and e show SEM and TEM pictures of
Fe304 prepared by a solvothermal method (see section 3.2.3.1.3). The particles are quite uniform

with a diameter of *130 nm and they show very good separability with magnetic force.

Therefore, we have chosen this method to prepare uniform magnetic nanoparticles for
further functionalization. The obtained MNPs were first covered with a thin silica layer and
functionalized with amine functional groups (see sections 3.2.3.2 and 3.2.3.3). To these, a RAFT-
agent, 4-cyano-4(phenylcarbonothioylthio) pentanoic acid was attached that enabled the growth
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of a thin polymer shell from the surface of the particles in a controlled manner (see section 3.2.3.4).
A thermoresponsive poly(NIPAm-co-TBAmM-co-AAc) hydrogel was grown onto the MNPs by
reversible addition fragmentation chain transfer polymerization using a low percentage of BIS
crosslinking monomer (Section 3.2.3.5). The composition of the polymer layer has already been
optimized for selective binding of lysozyme and the synergistic role of hydrophobic and
electrostatic forces on the binding strength has been demonstrated®’. The polymerization was
carried out at room temperature using APS/SBS redox initiator system. Our earlier studies
(Chapter 5) have shown that this initiator system is superior to the commonly used APS/TEMED
system, because the resulting polymer has much more uniform monomer distribution and shows
higher affinity to lysozyme. One batch of Lys-PMNP was synthesized using the APS/TEMED
initiator system for comparison (Lys-PMNP-TEMED).

6.2.3 Characterization

The morphology of the Fe30s, Fe30s@SiO2, Fes0s@SiO2-NH2, Lys-PMNP and Lys-
PMNP-TEMED particles was characterized by TEM (Figure 30a-e) and SEM (Figure 30f-))
measurements. The particles displayed a globular shape with a relatively narrow size distribution.
The Fe304 core diameter was ~130 nm, based on the TEM measurements. Figure 30b shows the
core—shell structure of magnetic Fes04@SiO2 NPs with a thin silica shell coating. The SiO; layer,
however, was not uniformly coated on the Fe3O4 NPs. In Figure 30c it can be observed that after
the modification with APTMOS, the Fe304@SiO2-NH: particles are covered with a uniform silica
layer, the average thickness of which is 5.4 + 0.9 nm. The surface modification with the polymer
shell using either the APS/SBS or the APS/TEMED initiator system Figure 30 (d, e and i, j) is not
explicitly visible by TEM or SEM.

The polymer shell thickness was roughly estimated from the TG measurements (see Figure
C10inappendix C) to be 17 nm for Lys-PMNP and 29 nm for Lys-PNMP-TEMED (for calculation
of the polymer shell thickness see 3.3.7). Detailed results of XRD, FT-IR are shown in Figures C8
and C9 respectively in Appendix C. The amount of amino groups before and after modification
with APTMOS was calculated (see Figure C11 in appendix C) and also the zeta-potential was
measured (see Appendix C). All these measurements confirmed the success of the modification

steps.
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After washing, the particles formed a stable colloid in aqueous solution. Lys-PMNPs could
be quickly separated with a magnet and redispersed easily, making their use very simple in sample
preparation. The Lys-PMNP-TEMED particles, however, could be collected more slowly due to
their thicker polymer shell. Further studies have shown that these particles have inferior lysozyme
binding affinity compared with the ones, prepared with the APS/SBS initiator system (data not

shown). In the followings, different parameters were studied which influenced the lysozyme

binding property of Lys-PMNPs.

Figure 30: TEM and SEM images of the core-shell magnetic nanoparticles. (a - €) TEM and (f- j) SEM images
of Fes04, Fe304@SiO2, Fes04@SiO2-NH2, Lys-PMNP and Lys-PMNP-TEMED, respectively.

6.2.4 Effect of time on the protein binding of Lys-PMNPs
| investigated the recognition properties of the prepared Lys-PMNPs, under various

experimental conditions.

Lys-PMNPs were immersed into 25 pg/mL lysozyme solution (50 mM PB, pH=7) and the
lysozyme binding was measured after different time intervals. The bound concentration with

incubation time is plotted in Figure 31a.
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Figure 31: Lysozyme binding on Lys-PMNPs after increasing incubation times. (Lys-PMNP concentration is 1.6
mg/mL; lysozyme concentration is 25 ug/mL in 50 mM PB, pH=7; (n=3)) (a); Effect of pH on the lysozyme binding
capacity of Lys-PMNPs. (1.6 mg/mL Lys-PMNP was incubated with 50 ug/mL lysozyme in different buffers (b).
Citrate-phosphate buffers were used between pH 2.8 and 7.4 and carbonate-bicarbonate buffers at pH 8.4 and 9.7.
The buffer concentration was 10 mM in each case. The pH of the buffered lysozyme solution was measured and
plotted on the x-axis. (n=3)).

It can be seen that the protein binds to the nanoparticles extremely fast, maximum binding
is already achieved in 5 minutes. Other lysozyme-selective polymer based MNPs described in the
literature generally show much slower binding kinetics, with equilibration times from 40 to 180
minutes being typical %6:98.157285-288.292 \w/e presume, that the observed fast binding kinetics is due
to the strong attractive Coulomb forces between the negatively charged surface of Lys-PMNPs
and the positively charged protein. As opposed to this, in MIP coated MNPs the diffusion of the

protein to the imprinted sites is probably a limiting step in the binding process.

6.2.5 Effect of buffer ionic strength and pH on the protein binding of Lys-PMNPs

Due to the partly electrostatic nature of lysozyme binding, we have investigated the role of
the buffer concentration in the binding process. The protein binding was measured in 25 pg/mL
lysozyme dissolved in 10 or 50 mM PB (pH=7). The nanoparticles bound only 52% of the
lysozyme in 50 mM PB (ionic strength: 0.3 M). In contrast, when the buffer concentration was
decreased to 10 mM (ionic strength: 0.06 M), all the lysozyme was bound to the nanoparticles.
This indicated that the buffer concentration/ionic strength plays a significant role in the binding
process. It is acting against the electrostatic attractive forces in the lysozyme-nanoparticle

interaction through shielding of the surface charges.
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The effect of pH on the lysozyme binding property of the Lys-PMNPs was investigated in
50 pg/mL lysozyme in buffered solutions. The buffer concentration was kept low, so that the ionic
strength would not interfere with the protein binding. The bound lysozyme concentration as a
function of the pH is shown in Figure 31b.

The bound concentration on the Lys-PMNPs increases to a large extent when going from low pH
to neutral and reaches a maximum between pH 8-9. Further increase in the pH leads to decreased
protein binding. This can be explained with the protonation degree of lysozyme and the acrylic
acid groups in the polymer. The pK, of acrylic acid in Lys-PMNPs is estimated to be 5.8 based on
the measurements of Ito et al.?®%. while the pl value of lysozyme is 11.35%®. Below pH=3.8 the
acrylic acid moieties are fully protonated, therefore they cannot provide any interaction point for
the lysozyme and the binding is indeed very low. Increasing the pH, the acrylic acid groups start
to deprotonate and provide more and more negative charges to bind the positively charged
lysozyme. Above pH~7.8 they are fully protonated and offer maximum binding capacity.
However, as the pH is approaching the isoelectric point of lysozyme, there are less and less
positively charged groups on the protein surface, therefore the binding capacity decreases.

6.2.6 Adsorption isotherms

Lys-PMNPs were incubated with different concentrations of lysozyme either in 10 mM
PB, pH 8.4 or in 50 mM PB, pH 7. After equilibration, the concentration of the unbound protein
in the supernatant was measured by HPLC and the concentration of the bound lysozyme was

calculated. The two adsorption isotherms are shown in Figure 32.
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Figure 32: Adsorption isotherms of Lys-PMNPs in buffered solution of lysozyme. (1.6 mg/mL Lys-PMNP was
incubated with 5; 15; 30; 40; 60; 80; 120; 160 and 320 ug/mL lysozyme in 10 mM PB pH 8.4, and in 5; 10; 15;
20; 25; 30; 40; 75 and 100 ug/mL lysozyme in 50 mM PB, pH 7 (n=3)).

Both isotherms showed saturation at high concentrations of lysozyme and in 10 mM PB
(pH 8.4), as could be expected, the binding capacity was much higher than in 50 mM PB (pH 7).
In 10 mM PB, below 30 pg/mL initial concentration the equilibrium concentration in the
supernatant was below the detection limit. We have roughly estimated the maximum binding
capacity in the two buffer systems by fitting a Langmuir isotherm on the measurement points. In
50 mM PB (pH 7) the lysozyme binding capacity was 21.4+1.3 mg/g, while in 10 mM PB (pH
8.4) it amounted to 33.8+1.4 mg/g. From the latter result the average surface area covered per
lysozyme molecule was roughly calculated using the diameter and shell thickness of the Lys-
PMNPs obtained from the SEM, TEM and TG measurements, the corresponding densities (pres0,:
5.2 g/lcm3; psio,: 2.2 g/lcm3; ppotymer: 0.5 g/cm? 2%8 and the molecular weight and size of lysozyme.
At the maximum binding capacity in 10 mM PB (pH 7) the surface area taken up by one lysozyme
molecule was approximately 9.2 nm?2. Lysozyme has an elongated shape and can adsorb to surfaces
along its short or long axis having a footprint of 4.9 or 9.7 nm?, respectively 2%, The latter value
shows a close agreement with our results, suggesting that in our system lysozyme is strongly

adsorbed on the surface along its long axis and completely covers the surface as a monolayer.

6.2.7 Selectivity towards different proteins
Selectivity of the Lys-PMNPs towards various proteins was assessed by comparing the

amount of bound protein in 50 pug/mL buffered solutions (50 mM, pH 7 or 10 mM pH 8.4) of
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lysozyme, avidin, HRP C, BSA, albumin from chicken egg, HSA, y-globulin and cyt C at RT. The

results are shown in Figure 33
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Figure 33: Selectivity of Lys-PMNPs towards other proteins at RT in different buffer systems. (1.6 mg/mL Lys-
PMNP was incubated with 50 ug/mL protein solution in 50 mM PB, pH 7 or in 10 mM PB, pH 8.4)

It can be seen that the Lys-PMNPs show high selectivity towards BSA, albumin from chicken egg,
HSA and y-globulin having acidic or neutral, and HRP C with weakly basic isoelectric point. These
proteins do not bind to the particles at all under the given circumstances. Cyt C and avidin with
more basic pl values show moderate binding to the nanoparticles compared to lysozyme in the
high ionic strength buffer. In low ionic strength buffer, however, the selectivity against avidin
drastically decreases. This might be explained by the much bigger size of avidin offering more
electrostatic interaction points (the density of positively charged amino groups on the two proteins
is very similar) and, consequently stronger binding in low ionic strength media. This indicates that
the selectivity of the nanoparticles towards positively charged proteins is also substantially

influenced by the ionic strength.

We have also investigated the selectivity of the Lys-PMNPs in the presence of clinically

relevant proteins (HSA and y-globulin) that might exhibit high urine concentrations in different
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diseases accompanied by proteinuria. The concentration of the potentially interfering proteins was
chosen as the upper limit in their abnormal range. Lys-PMNPs were incubated in a mixed protein
solution containing 50 pg/mL lysozyme, 200 pg/mL HSA and 500 pg/mL y-globulin in 10 mM
PB, pH 8.4. It was found that even in the presence of high concentrations of interfering proteins,
the nanoparticles bound exactly the same amount of lysozyme as without them (17.63 mg/mg vs.
17.50 mg/g). This indicates that the Lys-PMNPs show extremely high selectivity, which
potentiates their use in clinical analysis of lysozyme in the presence of other highly abundant
proteins.

6.2.8 Thermally modulated binding and release of lysozyme

The effect of temperature on the lysozyme binding properties of the nanoparticles was
investigated at four different temperatures. As a comparison, the FesOs@SiO.@RAFT particles
were also included in this set of experiment. The lysozyme binding capacity of the nanoparticles

is shown in Figure 34.
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Figure 34: Effect of temperature on the lysozyme binding capacity of Lys-PMNPs and FesO0s@SiO:@RAFT
particles. (1.6 mg/mL Lys-PMNP was incubated with 50 ug/mL lysozyme in 50 mM PB, pH 7)

The protein binding of Lys-PMNPs shows a strong temperature dependence as could be
expected from the thermoresponsivity of the P(NIPAmM-co-TBAm-co-AAc) shell. This polymer is
in a highly swollen state showing hydrophilic properties below its volume phase transition
temperature (approx. 20°C %) and in a more hydrophobic, collapsed state above it. This is
reflected in its affinity to lysozyme, i.e. no protein is bound at 5°C while increasing the temperature
up to 40°C more and more lysozyme is bound. This property of the Lys-PMNPs can be exploited

in a sample cleanup process.
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In Figure 34, it can be observed that the Fes:Os@SiO@RAFT particles without the
polymer shell also show high protein binding (similarly to the Lys-PMNPs at higher temperatures),
but it is evident that their binding capacity is independent of temperature. This is an indirect proof

that the polymer was successfully formed on the RAFT-modified nanoparticles.

We have investigated the reversibility of the protein binding and release by applying multiple
temperature switches between 5 and 30°C and quantitating the amount of free lysozyme after each
temperature switch. The bound protein was plotted in Figure 35 after each cycle. The lysozyme

binding and release is fully reversible even after four heating and cooling cycles.
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Figure 35: Reversibility of the temperature-induced protein binding and release. (1.6 mg/mL Lys-PMNP was
incubated with 50 ug/mL lysozyme in 50 mM PB, pH 7, red colour: 30°C; green colour: 5°C).

6.2.9 Development of a sample cleanup procedure for the measurement of lysozyme in
clinical urine samples
A sample cleanup procedure from urine was designed using the selective Lys-PMNPs as
magnetically separable dispersive solid phase extraction medium. After lysozyme binding, the
nanoparticles were washed, then the bound protein was released by thermal modulation into a
buffer solution. The released lysozyme was quantified by HPLC-UV. During method
development, we have targeted the 0-2000 ug/mL urine concentration range relevant in the

diagnosis of monocytic and myelomonocytic leukemia °.

First, we have investigated the binding of lysozyme to the Lys-PMNPs from urine at 30°C.
Although the binding of lysozyme was proven to be very fast, as described earlier, we have chosen
a 30 minute incubation time to allow for thermal equilibration. Urine of a healthy volunteer with
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no measurable lysozyme was spiked to 25 pg/mL concentration and incubated with Lys-PMNPs
(c=5.3 mg/mL). Compared to binding in 50 mM PB, pH 7 where 90.7% of the added lysozyme
was bound from the supernatant, in urine only 53.0% was bound. This was attributed to the high
salt concentration of urine. Desalting of urine by dialysis, centrifugal ultrafiltration or size
exclusion column lead to partial loss of lysozyme, therefore, for further measurements urine was
diluted ten times to decrease its ionic strength and facilitate lysozyme binding. From the ten times

diluted urine matrix 94.1% of the added lysozyme was bound under the same circumstances.

The concentration of Lys-PMNPs (i.e. the phase ratio) in the binding step was crucial
concerning the recovery of the sample pretreatment process. High phase ratios facilitated the
binding of lysozyme. Among 1.6; 5.3 and 8 mg/mL phase ratios, 8 mg/mL resulted in almost 100%
(96.2+3.15 %) binding for 1000 ug/mL spiked urine samples (100 pg/mL diluted urine samples)
and in 73.844.6 % binding for the 2000 pg/mL spiked urine samples (200 pg/mL diluted urine

samples).

After the preconcentration from urine, the particles have to be washed to remove any
residual matrix components. 50 mM PB, pH 7 and pure water were tried as washing solvent. The
volume of the washing solvent was the same as that of the urine sample. After the binding step,
the supernatant was removed and the washing solvent was briefly vortexed with the particles. 50
mM PB removed approx. 38% of the bound protein within less than 1 min. contact time, while
water did not remove any lysozyme. However, after one wash with water, the wash solution had
considerable UV absorbance due to other urine matrix components. Therefore, the particles were

washed two times with water to fully remove these contaminants.

At last, we have optimized the release of lysozyme. First, 50 pg/mL lysozyme in 10 mM
PB, pH 8.4 was incubated with 1.6 mg/mL Lys-PMNPs for 30 mins at 30°C then the particles were
washed with water. In the release step, a buffer was pipetted over the Lys-PMNPs and a 1 hour
incubation at 4°C followed, which enabled the thermoresponsive polymer shell to swell and release
the bound lysozyme. To promote protein release, different buffers, additives and different phase
ratios were tried. The recovery of lysozyme in the release step (i.e. the percentage of released
relative to the bound protein) is listed in Table 8. for different release solutions and different phase

ratios.
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Table 8: Efficiency of the protein removal from Lys-PMNPs using different buffer solutions and phase ratios.

Binding step Release step
PB concentration | pH |Phase ratio [PB concentration |pH | Additive Phase ratio | Recovery in the
[MM] [mg/mL] [mM] [mg/mL] release step [%]
10 84 |- 10.67 31.2
50 7 - 10.67 70.0
10 86 |16 10 84 |02MNaCl |10.67 81.2
50 7 0.2 M NaCl |10.67 90.6
50 7 - 1.6 104.2

As could be expected from the binding isotherms, protein release was more efficient in 50
mM PB pH 7, than in 10 mM PB, pH 8.4 due to the lower affinity of the Lys-PMNPs in this
medium. The addition of high concentration of NaCl promoted the release of the lysozyme in each
case by disrupting ionic interactions. Application of higher phase ratio in the release step,
compared to the binding step could have been advantageous for the preconcentration of lysozyme,
that is beneficial at low analyte concentrations. However, applying the same phase ratio in both
steps increased the recovery rate, therefore, in the optimized method we have chosen similar phase
ratio as in the binding step (8 mg/mL) and 50 mM PB, pH 7 with 0.2 M NaCl. It has to be noted
though, that by choosing different phase ratios in the binding and release step, the linear

concentration range of the measurement can be tuned easily.

We have tried to regenerate the used Lys-PMNPs with different washing solvents applying
low temperature (4°C). We have washed the Lys-bound PMNPs with water, 50 mM PB, pH 7 or
10 mM PB pH 8.4, with or without 0.2 M NaCl, 0.1 M acetic acid and 0.1 M HCI. All these
regeneration steps were followed by thorough washing with water to remove the regeneration
solution. The effectiveness of the regeneration step was assessed by rebinding lysozyme. It was
puzzling to see that the regenerated particles could not rebind the same amount of protein as the
unused ones, though earlier, the repeated temperature induced binding and release cycles were
fully reversible (see Figure 35). We speculate that the use of NaCl in the release step of the sample

pretreatment somehow deteriorates the binding properties of the polymer shell.

The batch to batch reproducibility of the particles was investigated with two different Lys-
PMNP preparations both synthesized from the same batch of FesOs@SiO2 PNPs. In 25 pg/mL
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lysozyme solution (50 mM PB, pH 7) at 1.6 mg/mL particle concentration the percentage of bound
protein was 54.1+5% in one case and 54.6+4.3% using the other batch. This shows a surprisingly

good reproducibility of the Lys-PMNP production.

6.2.10 Method validation
The newly developed method has been partially validated following bioanalytical method

validation guidelines?®,

Selectivity was assessed by injecting blank and spiked diluted urine samples, with and without the
sample cleanup procedure, as well as lysozyme standard solutions in 50 mM PB, pH 7, with 0.2
M NaCl. HPLC-UV chromatograms of a blank diluted urine sample, a 100 pg/mL urine sample
(10 pg/mL after ten times dilution) before and after the sample cleanup with Lys-PMNPs, and a

10 pg/mL lysozyme standard solution can be seen in Figure 36.
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Figure 36: Chromatograms of a ten times diluted blank urine sample after pretreatment (a), a 10 ug/mL lysozyme
standard (b), a 10 ug/mL diluted urine sample without sample pretreatment (c) and a pretreated 10 ug/mL diluted
urine sample (d). (The retention time of lysozyme is 3.7 minutes). The inset shows the chromatogram of a 2.5 ug/mL
diluted urine sample after pretreatment (LLOQ sample) (a) and that of a 2.5 ug/mL lysozyme standard (b).

the blank urine sample after sample pretreatment (Figure 36a). By comparing the chromatograms
of the spiked urine sample before and after the sample cleanup process (Figure 36¢ and d), the
high efficiency and selectivity of the Lys-PMNPs becomes evident. In the chromatogram of the
pretreated urine sample the baseline is free from any peaks as opposed to the non-treated sample
where many highly absorbing substances appear besides lysozyme. The lower limit of
quantification (LLOQ) is 25 pg/mL. In the inset of Figure 36, chromatograms of the LLOQ sample
(25 pg/mL urine sample, 2.5 pg/mL after dilution) and a 2.5 pg/mL lysozyme standard are shown.
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Linearity of the calibration was studied using eight standard solutions (50 mM PB, pH 7,
0.2 M NacCl) in the 2.5-200 pg/mL concentration range (corresponding to 25-2000 ug/mL urine
concentration). Lower than 2.5 ug/mL concentrations could not be quantified with HPLC-UV. We
have encountered a significant adsorption of lysozyme to the HPLC system parts and glass or
plastic containers in the low concentration range. This adsorption was even more pronounced if
NaCl was omitted from the buffer and the addition of Tween 20 surfactant could not eliminate it,
either. Three calibrations were measured on different days and because of the adsorption of
lysozyme, two lines were fitted on each curve using the least squares method, one for the low
concentration range and one for the high concentration range. The calibration equation of the lower
part was y = 1.7120.16 X — 2.30+0.5 (R?>=0.9982+0.0016) and that of the high concentration part
was y =2.18+0.11 x — 13.0£10.0 (R?>=0.9991+0.0003). Further on, these calibrations were used to
quantify spiked and unknown urine samples in the 25 to 2000 ug/mL concentration range.

Intra-day repeatability was assessed by preparing five replicates of 25; 100; 250 and 1000
ug/mL spiked urine samples, which were diluted ten times and pretreated with Lys-PMNPs. After
HPLC measurement their concentration was determined from the daily calibration. Intra-day
precision values were established as the relative standard deviation of the results, while the
accuracy was determined as the percentage measured concentration relative to the nominal

concentration. The results are shown in Table 9.

Table 9: Intra-day precision and accuracy of lysozyme measurement in human urine using the Lys-PMNPs (n=5)

Urine concentration | Nominal sample | Measured concentration | Precision | Accuracy
[ng/mL] concentration [ug/mL] [ng/mL] [%0] [%0]
25 25 2.94 3.44 117.6
100 10 9.35 8.20 93.5
250 25 25.8 4.25 103.0
1000 100 89.9 2.24 89.9

Intra-day precision values ranged from 2.24 to 8.20%, while the accuracies were between
89.9and 117.6 %. These values fall in the acceptable 15% (or 20% at the LLOQ level) repeatability
and 85-115% (or 80-120% at the LLOQ level) accuracy range established for bioanalytical

methods.
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Inter-day reproducibility was established by measuring 25; 100; 250; 1000 and 2000 pg/mL spiked

urine samples with 3 replicates on three different days using the daily calibrations. Table 10 lists

the results obtained for these samples.

Table 10: Inter-day precision and accuracy of lysozyme measurement in human urine using the Lys-PMNPs

Urine Nominal sample Measured Precision [%] | Accuracy [%]
Concentration concentration concentration

[pg/mL] [ng/mL ] [ng/mL ]

25 2.5 2.774 1.08 111.0

100 10 9.442 3.21 94.4

250 25 24.81 5.04 99.2

1000 100 88.80 4.40 88.8

2000 200 128.8 2.25 64.4

Inter-day precision values were between 1.08 and 5.04 %, while accuracies were in the
88.8 to 111.0 % range for urine samples within the 25 to 1000 ug/mL range. These values also
fulfill the acceptance criteria established for bioanalytical methods. The accuracy of the 2000

pg/mL urine sample is smaller than the acceptable 85%.

Recovery of the sample preparation process was evaluated by comparing the HPLC peak
area of spiked urine samples to that of lysozyme standard solutions having the same nominal
concentration. Recovery was assessed on three different days at 100; 250; 1000 and 2000 pg/mL
urine concentration levels (corresponding to 10; 25; 100 and 200 pug/mL standard solution

concentration). The obtained results are shown in Table 11.

Table 11: Mean recovery values at four different concentration levels (n = 3)

Urine concentration Standard solution Recovery

[ng/mL] concentration [ng/mL] [%0] RSD [%]
100 10 91.7+£3.8 4.19

250 25 103.1£3.9 ]3.80
1000 100 87.549.4 10.81
2000 200 62.3+6.3 10.14

It can be seen that up to 1000 pg/mL urine lysozyme concentration, the recovery values
are high, close to 100 %, which also means that solution calibration can be used to quantitate the

urine samples and there is no need for matrix matched calibration. The mean recovery of the
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bioanalytical method in this concentration range is 94.1+8,1 %. However, at 2000 ng/mL urine
concentration, the recovery drops to 62 %. This is inherent to the present optimized sample
pretreatment procedure, the Lys-PMNP concentration is too low to fully bind the lysozyme. This
problem can be overcome either by applying even higher nanoparticle concentration, which we
did not pursue, or by diluting the urine sample into the concentration range, where the recovery is
around 100 %.

6.2.11 Comparison to a reference method by the measurement of unknown samples

We intended to prove the clinical applicability of our method by analyzing urine samples
of patients suffering from monocytic or myelomonocytic leukemia, but unfortunately due to the
pandemic situation we were unable to obtain such samples from hospitals. Therefore, spiked urine
samples were prepared and analyzed as unknowns, both with the newly developed method and an
enzymatic assay based on Micrococcus Lysodeikticus cells (see section 3.4.3.6). The latter
reference method is a widely accepted sensitive assay for lysozyme in clinical laboratories. Results
of the unknown samples obtained by the two methods were plotted against each other (see Figure
37) and a line was fitted onto them using the least squares method.
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Figure 37: Concentrations of unknown urine samples measured using the Lys-PMNPs and by an enzymatic assay
using Micrococcus Lisodeikticus cells

The close to 1 slope and close to zero intercept of the regression line shows that there is no
proportional error or constant bias in the new method compared to the well-established enzymatic
assay. The close to 1 correlation coefficient (R>=0.9891) indicates that the results obtained by the

two methods highly correlate.
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The validation results and the comparison to an established clinical method shows that the selective
Lys-PMNPs perform successfully as novel sample extraction medium and the optimized
bioanalytical method can be used for the measurement of lysozyme in human urine samples for

the clinical diagnosis of monocytic or myelomonocytic leukemia.

6.3 Conclusion

Highly selective multifunctional PMNPs containing a thermoresponsive polymer shell have
been synthesized and used for selective extraction sorbent for proteins. The optimized monomer
composition and initiator system endowed the Lys-PMNPs with high binding affinity and
outstanding selectivity. High concentrations of the two clinically abundant proteins, HSA and v-
globulin did not interfere with the binding of lysozyme onto the nanoparticles at all, which could
bind and release the protein in a thermocontrolled manner. A sample cleanup procedure has been
elaborated for the measurement of lysozyme in human urine samples. The developed method has
been successfully validated and compared favourably with an established clinical method. The
method was highly selective, and the calibration was linear in the 25 to 1000 pg/mL concentration

range, relevant in the diagnosis of monocytic and myelomonocytic leukemia.
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7 A novel technique for the investigation of protein binding to
polymer nanoparticles based on fluorescence anisotropy
measurement using long-lifetime fluorophores

7.1 Introduction

The past two decades have brought about unprecedented advancements in the biomedical
research arena through the application of nanoparticles. The unique features stemming from the
particle’s nanoscale dimensions combined with advanced engineered properties hold a great
promise in various fields of nanomedicine and technology. Nanoparticles can be used e.g. in
medical diagnostics and in regenerative medicine, in treatment as antimicrobial agents or drug
delivery vehicles, and in biosensors or assays as novel affinity materials 27, In all these areas

nanoparticles are functioning in biological systems either in-vivo or in-vitro, therefore the

understanding of the bio-nano interface, is of utmost importance.

Nanoparticles in-vivo enter nearly all parts of the body including cells and organelles which
leads to the immediate build-up of a protein layer on the nanoparticles. Since the seminal paper of
Dawson?%, it is widely accepted that the biological impact of the nanoparticles is fundamentally
influenced by the nature and organization of more or less strongly associated proteins, the protein
corona 2%, The protein corona is composed of proteins with a wide range of equilibrium constants
and on-off rates and its evolution is highly dynamic, involving kinetic and equilibrium binding
processes. It is vital to gain quantitative information about these processes. On the other side,
nanoparticles in-vitro are gaining more and more attention in bioanalysis as rugged man-made
mimics of fragile antibodies or other affinity ligands?63268300301  Thjs also necessitates the

measurement of the binding events.

There are numerous well-established techniques to study protein-nanoparticle
interaction®°23% Methods based on the separation of the free and bound ligand after equilibration
(either by filtration or centrifugation) are popular, due to their ease and low cost. However, low
affinity interactions, which exhibit with high dissociation rates, cannot be studied in this way,
because fast dissociation of the complex after separation perturbs the equilibrium. Among the
separation-free methods isothermal titration calorimetry (ITC) and surface plasmon resonance

(SPR) or quartz crystal microbalance (QCM) measurements do not require labeled ligand, however
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ITC needs a large amount of purified protein and SPR and QCM depends on ligand
immobilization. Fluorescence correlation spectroscopy, fluorescence lifetime imaging
microscopy, total internal reflection fluorescence microscopy, fluorescence resonance energy
transfer all require specialized expensive instrumentation.

Fluorescence polarization/anisotropy is a well-established technique in the clinical,
pharmaceutical and biological field as a detection system in homogeneous immunoassays. They
also offer a cheap and fast separation-free way to measure protein-ligand interactions real-time
(appropriate for kinetic analysis), even in a high-throughput way. They are, however limited to the
assessment of low-molecular weight compounds. The Lakowicz group earlier proposed that FPIA
for larger protein antigens is feasible if long-lived fluorophores are used for labeling 233304,

Inspired by their work, we put forward now a new detection principle to quantitate protein-
nanoparticle interactions. If we use long-lifetime fluorophores (t> several hundred ns) as protein
labels, the rotational correlation time of the protein becomes insignificant on this time-scale and
low anisotropy is expected. Nanoparticles possess several orders of magnitude higher molecular
weights than antibodies, therefore protein binding to the nanoparticles would result in significantly
higher rotational correlation times, i.e. much higher anisotropy values. Thereby protein-
nanoparticle interaction could be sensitively detected.

To test this hypothesis, in the present work, the interaction of lysozme with Poly(N-
isopropylacrylamide-co-N-tert-butylacrylamide-co-acrylic acid) microgels (PNP)* is studied by
steady-state anisotropy measurements. An unsymmetrical Ru(bpy)s®* complex is used as the long-
lifetime fluorescent label?®. In the end, a competitive binding assay is presented for the

quantitation of lysozyme using the selective PNPs.

7.2 Results and Discussion

7.2.2 Preparation and characterization of the poly (N-isopropylacrylamide) based

nanogel and the labeled protein
7.2.2.3 Preparation and characterization of PNPs

poly(NIPAmM-co-TBAm-co-AAc) (PNP) nano-particles were synthesized as described in
section 3.2.2. Based on the dry weight, the yield was 93% and the weight concentration of the PNP
solution was 14.2 mg/mL. The particle size distribution and concentration of the nanogel

preparation was determined by nanoparticle tracking analysis (see section 3.3.3). The average
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particle diameter was 106£1.5 nm and the particle concentration of the undiluted nanogel
suspension was 1.78-107 M (1.07-10%* pcs/mL). Based on this the molecular weight of the PNPs
was calculated to be 79.6 million Da. The average particle volume, 1.16-10° nm® and average

particle surface 4.17-10* nm?, were calculated from the size distribution.

7.2.2.4 Labeling of lysozyme with of Ru[bpy]s?*-N-succinimide

The application of Ru-bipyridyl complexes for the labeling of proteins has been introduced
by Lakowicz et al., to study rotational dynamics of proteins. The advantage of these complexes
over other fluorescence or phosphorescence probes is that besides they have long lifetime, they

have high initial (time=0) anisotropy (>0.1) and not very sensitive to oxygen quenching®%,

For labeling lysozyme we have used the unsymmetrical Ru(bpy)s?*-N-hydroxysuccinimide
ester (Bis (2,2'-bipyridine)-4'-methyl-4carboxy-pyridine-ruthenium N-succinimidyl ester bis
(hexafluorophosphate); RuL-Su)?%. This reacts efficiently with surface primary amines of proteins
via a nucleophilic attack to form a stable amide bond and release N-hydroxysuccinimide (Figure
38)%943%5 Details of the conjugation reaction can be seen in section 3.2.4.
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Figure 38: Reaction of bis(2,2-bipyridine)-4*-methyl-4-carboxybipyridineruthenium

N-succinimidyl ester-bis(hexafluorophosphate) with surface amino groups of the protein

The conjugation reaction is favored under slightly alkaline conditions (pH 7.4-9), owing

to the deprotonation of the amino group®®.

The labeling degree or the “dye-to-protein molar ratio” (D/P) in the labeled protein (RuL-
Lys) was determined by absorptiometry, assuming that the molar absorptivity of the conjugated

dye is the same as that of the free dye. The molar absorption coefficient of the RuL-Su, at the
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emission maximum (=457 nm) was measured to be 16,972 M'cm™. Thus, the D/P was 0.44,

meaning that approximately every second protein is attached to one dye molecule. (A detailed

description of the procedure is given in section 3.4.4.1).

7.2.3 Spectroscopic characterization

7.2.3.3 Excitation and emission spectra

The absorption and luminescence spectra of the unconjugated ruthenium probe, RuL-Su

and the probe-lysozyme conjugate, RuL-Lys in the absence, and in the presence of PNPs are shown

in Figure 39 a and b. Spectral data are collected in Table 12.
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Figure 39: Excitation/emission spectra of RuL-Su and RuL-Lys, and RuL-Lys with and without PNPs (a) (CruL-
Lys=1.5-10"° M, CruL-su=8.9:10"° M, cenp=0,1 mg/mL in 10mM PB, pH 7.4); normalized UV/Vis spectra of RuL-Su
and RuL-Lys (b)

Table 12: Absorption and fluorescence spectral data of RuL-Su, the RuL-Lys conjugate in the absence of PNPs
and the Ru-Lys conjugate in the presence of PNPs.

Species absorption spectrum fluorescence spectrum
AN fnm | el /M~ em™? A fnm ns
RuL-Su 457 17000 639 340
350 9000
287 80000
RuL-Lys 457 2800 663 420
283 55000
RuL-Lys adsorbed 457 - 642 1100
onto PNPs” 280 -
RuL-Su adsorbed onto | 457 4600 647 898
PNPs 286 100000

* The sample of the RuL-Lys with PNPs was scattering the light, therefore molar absorptivity values could not be

obtained from the UV-Vis spectrum.
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The spectra of RuL-Su are closely similar to the spectra of the parent ion, Ru[(bpy)s]?*, the
photophysical properties of which have been studied extensively 3%, On, the basis of this
similarity, in the absorption spectrum of RuL-Su, the longest wavelength band appearing at 457
nm is due to an MLCT (metal-to ligand charge transfer) transition, the weak feature at ~350 nm
can be assigned to a MC (metal centered) transition, the strong band at 280 nm belongs to an LC
(ligand centered) transition (n-t* transition of bipyridine).

The excitation spectra of RuL-Su and RuL-Lys are identical. The luminescence spectrum
of RuL-Su involves a single band which is assigned to the transition from the 3MLCT triplet state
to the singlet ground state, So. Since the multiplicities of the initial and final states are different,
this radiative process is phosphorescence. The emission maximum of RuL-Su at 639 nm is shifted
to longer wavelengths (663 nm) when conjugated to lysozyme (Figure 39 a). In the presence of
PNPs, the labeled protein adsorbs onto them and the luminescence band of the Ru label in RuL-
Lys undergoes a blue shift from 663 to 642 nm (Figure 39 b). The 3MLCT state in Ru bipyridil
complexes is more polar than their ground state, the blue shift is due to the incomplete orientational
relaxation of the environment around the 3MLCT state RuL fluorophore in the nanoparticle
adsorbed protein 2%, The enhanced luminescence intensity of the Ru complex in the adsorbed
protein compared to that of in the free protein is due to multiple reasons. The main deexcitation
channels of Ru bipyridyl complexes are the internal conversion (IC) from the 3MLCT to a dark
3MC state and the *MLCT—So intersystem crossing (ISC) 3%. The modulation of the energies of
the states involved in these processes by the different local environments, effects the quantum
yield of both processes. The diminished conformational flexibility of the probe in the adsorbed
protein decreases the quantum yield of ISC. In addition, the 3MLCT states of Ru complexes are
quenched by dissolved O *®and this effect is shielded by the PNPs.

In order to obtain the fluorescence time constant of the different species, luminescence
decay of RuL-Su and RuL-Lys with and without PNPs was measured with a 441 nm laser using a
detection wavelength of 660 nm. The luminescence decays were fitted by a single exponential

function or by the sum of two exponentials eq (31).

©= ). Aex(-t/r) @

i=1or1,2
The decays of RuL-Su and the RuL-Lys conjugate were found to be monoexponential. The
conjugate adsorbed on PNP-s produced a biexponential decay, with a minor component belonging
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presumably to the non-adsorbed conjugate. As expected, the lifetimes increase in the same order,

as the luminescence intensities (Table 12).

7.2.3.4 Anisotropy studies
Steady state anisotropy measurements were carried out on the different species as described
in section 3.3.8.2. The results of the are collected in Table 13.

Table 13: Observed and calculated steady-state anisotropies of RuL-Su, the RuL-Lys conjugate in the absence of
PNPs and the RuL-Lys conjugate in the presence of high excess of PNPs.

Species Ist Fst
(measured) (calculated)
Ru-Su unobservable 0.00011
Ru-Lys 0.0045+0.0045 0.0024
Ru-Lys + PNPs 0.12+0.0027 0.17

First, we used the simplest model for the interpretation of the anisotropy data, in which the
fluorescent species is taken as spherical rotor. Following an excitation with a light pulse, the

anisotropy of such fluorophore decays exponentially eq (32)

r(t) = ryexp(—t/0), (32)
where ro is the limiting anisotropy in the absence of rotational diffusion and & is the rotational
correlation time. @is related to the hydrodynamic volume of the fluorophore, V, the local viscosity,

n and the temperature, T as in eq (17).

In case the fluorescence decay of the spherical fluorophore is monoexponential with a time

constant t, the steady-state anisotropy is given by the Perrin equation (see eq (16)).

In the analysis of our anisotropy results, rs values calculated from the previous equation
were used as reference. The limiting anisotropy of the RuL fluorophore, ro, was taken to be 0.17,
which is the anisotropy of RuL-HSA conjugate measured in a frozen glycerol-water mixture?®,
The correlation times were calculated, taking estimated values for the hydrodynamic volumes.

The t fluorescence time constants were determined experimentally (see Table 12).

The size of the RuL-Su cation was approximated by the size of the parent cation, Ru(bpy)s

the diameter of which is ~1.2 nm 39, corresponding to V = 0.905 nm?, & = 0.22 ns and ry ~
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0.00011. Such a low rs value is undetectable by fluorescence spectrometers. The fast rotational

diffusion with such a short correlation time could not be followed with our TCSPC system.

The volume of the labeled lysozyme molecule was approximated by the hydrated volume
of lysozyme, V = 24.2 nm3 3L Using this value, ® = 5.88 ns was obtained for the rotational
correlation time and rst = 0.0024 for the anisotropy. The experimental value of rs, 0,0045, is
approximately 2 times larger, from which 6 = 11.4 ns was obtained for the correlation time and V
= 47 nm? for the hydrodynamic volume. This might be explained by the elongated shape of the
protein and the high standard error of the anisotropy value.

The average volume of the PNPs determined by nanoparticle tracking analysis was V =
1.08-108 nm?®. The contribution of the adsorbed protein to the volume was neglected. The rotational
correlation time of RuL-Lys adsorbed onto PNPs, predicted by the spherical rotor model is 263
us, much longer than their fluorescence lifetime, t = 1.1 us (Table 12). Therefore, an rs close ro
(=0.17) is expected. The observed value, rst = 0.12, is significantly lower. A possible explanation
is that the difference arises from the segmental mobility of the RuL fluorophore bound to the
protein, which is adsorbed onto PNPS. The rotational correlation time characterizing the segmental
motion is shorter than the rotational correlation time of the protein, and is shorter by orders of
magnitude than that of the PNPs. If the segmental motion is free, r(t) drops rapidly to zero,
following the excitation with a light pulse and rs will have a very low value. If the segmental
motion is hindered — the rotational diffusion is limited to an angular range — r(t) approaches to a
limiting value, r, which differs from zero. In theory the rotation of the PNPs would lead finally
to the full depolarization of the luminescence, this slow process, however, cannot be observed on
the timescale of the much faster luminescence decay. Presumably, there is an initial decay which
is too fast to be observed with our TCSPC system.

7.2.4 Steady-state anisotropy measurement of the protein-PNP binding
During steady-state anisotropy measurements it was imperative to use a 550 nm long-pass

filter, to eliminate scattered light from the nanoparticles®*2,
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7.2.4.3 Kinetics of binding

To investigate the binding kinetics of RuL-Lys onto PNPs, 0.1 mg/mL nanoparticle was
mixed with 5-10° M labeled lysozyme solution (10 mM PB, pH = 7.4 at 30°C) and steady-state
anisotropy was measured after different time intervals. The results are plotted in Figure 40.
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Figure 40: Anisotropy change in time during incubation of RuL-Lys with PNPs.
(CruL-Lys=5-10"° M; cpnp=0.1 mg/mL at 30°C).

We observed a very fast increase in the anisotropy values, indicating a fast adsorption of RuL-
Lys onto the PNPs, maximum binding is already achieved between land 5 minutes. Therefore, in
the followings we incubated each sample for 5 min at 30°C before measurement. This experiment
demonstrates the potential of the technique to follow protein-nanoparticle interactions in real-time.
Unfortunately, with our instrument set-up, collecting anisotropy emission spectra, measurement
points could not be obtained more frequently, but standard instrumentation much faster data
acquisition rates are available allowing to study fast binding kinetics.
7.2.4.4 Affinity of RuL-Lys towards the PNPs
In order, to assess the affinity of lysozyme to PNPs, we have incubated the labeled protein
with increasing concentrations of PNPs and measured the steady-state fluorescence anisotropy (see

section 3.4.4.3 for experimental details). The measurement data are plotted in Figure 41.
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Figure 41: Anisotropy of RuL-Lys incubated with different concentrations of PNPs (CruL-Lys=1.5:10"° M;10 mM
PB, pH 7.4; 30°C)

As can be seen from the figure, the emission anisotropy increases with the concentration
of the PNPs, since more and more RuL-Lys is bound by the polymer particles, the rotation of
which is very slow. Finally, the anisotropy reaches a maximum value of rmax=0.12, where all the

labeled protein is bound to the PNPs.

7.2.4.5 Adsorption isotherm

Adsorption isotherm of the labeled protein on the PNPs could be measured by incubating
0.1 mg/mL PNP with different concentrations of RuL-Lys (see section 3.4.4.4). The anisotropy
values obtained after 5 minute incubation, as a function of the initial protein concentration, can be

seen in Figure 42.
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Figure 42: Anisotropy of different concentrations of RuL-Lys incubated with 0.1 mg/mL PNP (10 mM PB, pH
7.4; 30°C)

From the anisotropy values, we could calculate at each concentration level the mole
fraction of the nanoparticle bound protein (X) and the free protein (1-X), assuming that all the

protein is bound when the 0.12 anisotropy value is reached eq (33):

X =" (33)
Tmax
from this the equilibrium concentrations can be obtained eq (34):
Ce = Co (1-X) (34)
Ns=Co X/ m (35)

where ce and co are the equilibrium and initial molar concentrations of RuL-Lys,
respectively, ns is the equilibrium solid phase concentration of the bound protein in mol/g and m
is the weight/volume concentration of the PNPs eq (35). The isotherm points are plotted in Figure
43.
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Figure 43: Adsorption isotherm of RuL-Lys on PNPs. (0.1 mg/mL PNP was incubated with different
concentrations of RuL-Lys in 10 mM PB, pH 7.4 at 30°C)

Del Pino et al. have adapted the simple Hill model, originally used to describe the
oxygantion of haemoglobin®® to describe protein binding onto nanoparticles by reinterpretating
the involved parameters 314,

The reinterpreted Hill- equation describing the interaction between proteins and NPs is eq (36):
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N " (36)
Nmax B K,g + C;"

and, can be rewritten as eq (37)

cl (37)

Ng = Nynax n
K" +cZ

where

N - number of adsorbed protein on the PNP surface

Nmax — maximum number of proteins on the nanoparticle surface at saturation

ns - solid phase equilibrium concentration of bound protein

Nmax - SOlid phase saturation concentration

Ce - equilibrium concentration of unbound protein in solution

K b - the equilibrium protein concentration producing half-saturation of the PNP surface

n - the Hill coefficient, an empirical parameter that reflects the cooperativity of binding

If n> 1, the binding is cooperative i.e. adsorption of proteins is enhanced if there are already
bound proteins present on the surface. n < 1 suggest anti-cooperative binding where protein
adsorption suppresses further proteins to adsorb. n = 1 means that protein binding is not affected

by the presence of other proteins on the surface.

We have fitted the above model on our isotherm and obtained a good fitting. The isotherm

parameters are shown in Table 14.

Table 14: Parameters, and R? of the adapted Hill fitting

Nmax (Mol/g) K'b (M) n R?
1.93-10°° 9.82-10* 0.435 0.9973

K b equals to Kp'/", thereby from K b we could calculate Kp, the dissociation constant which
was 1.21-107 M, indicating quite strong interaction between the protein and the nanoparticles.

From the maximum binding capacity of the PNPs and the molar concentration of the
nanoparticles (1.78-10" M) we could estimate the average number of proteins that are bound to

the surface of a NP. Based on this, Nmax =154,000, this is maximum number of lysozyme molecules
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that can bind to a PNP. From the surface area of the PNPs (4.17-10* nm?), the estimated footprint
of lysozyme (4.9 nm?)?®® and assuming a closely packed monolayer coverage, we can estimate the
maximum number of Lys on a PNP surface. This value is =8,500, therefore we can hypothesize
that lysozyme is bound in several layers over the PNP, forming a protein corona, or it is not
confined to the surface, but penetrates into the nanoparticles.

The value of n, being smaller than 1 (0.435), indicates anti-cooperative binding. This is a
realistic scenario, since lysozyme is a highly positively charged protein at pH 7.4, with a pl value
of 11.35, therefore repulsive forces are hindering the adhesion of a next protein close to an already

adsorbed one.

7.2.4.6 Competitive ligand binding assay

Finally, we have applied the long-lifetime fluorophore-labeled proteins in a competitive
binding assays to quantitate lysozyme concentrations with the PNPs as “plastic antibodies”. In the
competitive experiment, a mixture of a fixed amount of labeled lysozyme and increasing amount
of unlabeled lysozyme competed for the binding sites of a fixed amount of PNP (see section
3.4.4.5). Based on the affinity measurements, the amount of the labeled protein was chosen so that
~80% of it was bound to PNPs initially. The steady-state emission anisotropies were measured

after incubation. Values are plotted as a function of the initial Lys concentration (Figure 44).
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Figure 44: Changes in emission anisotropy in the competitive binding assay. (CruL-Lys=1.5:10° M; cene=0.1 mg/mL
at 30°C
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As expected from competitive fluorescence polarization immunoassays, increasing the amount of
the competing unlabeled analyte, less and less RuL-Lys can bind to the PNPs, therefore the
fluorescence anisotropy decreases. At high concentration of unlabeled lysozyme, the anisotropy
approached that of the free RuL-Lys. To obtain the calibration curve, the anisotropy values at
different Lys concentrations (B) were normalized to the one obtained a zero concentration of the
analyte (Bmax), i.e. maximum binding of the labeled protein, and plotted against the analyte

concentration in a logarithmic scale (Figure 45).
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Figure 45: Calibration curve for lysozyme in competitive fluorescence polarization ligand binding assay.

The well-known sigmoid calibration curve was obtained, indicating that lysozyme was
successfully competing for the PNP binding sites with the labeled Lys. A four-parameter logistic
curve was fitted onto the data points. The ICsp value i.e. the analyte concentration where half of

the labeled protein is bound was evaluated from the curve as being 3.2-10* M.

7.3 Conclusion

We have introduced a novel tool, fluorescence anisotropy measurement, for the study of
protein-nanoparticle interactions and for the quantitation of proteins in nanoparticle-based protein
assays. The approach is based on the use of long-lifetime fluorophores to label the protein
molecule. As a consequence of the long fluorescence decay time, the close to zero anisotropy of
the label does not increase substantially upon conjugation to the biomacromolecule. On contrary,
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when the labeled protein binds to the nanoparticle, an enormous increase in size arises, followed

by significant rise in the anisotropy value.

We demonstrated the new concept by studying the interaction of lysozyme, labeled with a
Ru(bpy)s®* complex and a multifunctional poly(NIPAm) nanoparticle. Fluorescence spectroscopic
properties of the Ru dye, the labeled protein and the nanoparticle-bound fluorescent protein have
been investigated. Steady state fluorescence anisotropy measurement was used to study the binding
kinetics and affinity of the labeled protein to the PNPs. The binding isotherm was also measured
and an adapted Hill model was fitted on the data points. Information on the maximum number of
binding sites on the PNP, on the dissociation constant and on the cooperativity of the binding could
be retrieved form the fitted parameters.

Finally, a competitive binding assay format was set-up, and a calibration curve was

established, which enables the measurement of lysozyme using high affinity nanoparticles.

The advantage of the proposed method is that it is fast, sensitive, requires simple
instrumentation and does not require separation of the nanoparticle-bound and free-protein for

quantitation. Even fast binding kinetics can be measured real-time.
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8 Summary and thesis points
In my thesis work, | have developed selective, simple and fast quantitation and sample-

preparation methods for the determination of small biomolecules and biomacromolecules. My
results can also serve as starting points to improve the performance and applicability of
molecularly imprinted polymers for protein recognition.

| have developed a novel simple, rapid time-resolved luminescence-based method for the
detection of various kinds of N-acetyl amino acids, nucleotides, nucleosides and DNA. For this
purpose, | used a new lanthanide complex, the long lifetime Eu**-(AOCC)s probe, which gave a
quenched luminescence signal upon binding to these biomolecules enabling their selective
measurement. The quenching mechanism was determined as static. The limits of detection were
in the range of 0.044 - 0.13 uM. The interactions between the probe and the biomolecules were
found to be spontaneous with negative values of AG. The binding constants (K) and the number
of binding site between the complex and biomolecules have been determined using the Stern-
Volmer equation. It was found that there is one binding site in the probe for biomolecules. The
selectivity of the Eu®*-(AOCC)s complex towards the different biomolecules have the following
order: 5'-ATP < 5'-GMP < cytidine < 5'-IMP < 5'-CMP < NAC-Lys < adenine < 5-ADP < inosine
< NAC-him < NAC-his < NAC-Asp. The binding mode between the Eu®**-(AOCC)s probe and
CT-DNA was studied by competition with methylene blue and by viscosity measurements and it
was attributed to intercalation.
This probe is considered as a model sensor for detecting these biologically important
compounds. Since the Eu®*"-(AOCC) complex is equipped with a polymerizable group, this
reporter molecule can be incorporated into MIPs in the future, thereby achieving even higher

selectivity for the target biomolecule and also signalling of the binding event.

| have also addressed a problem associated with preparing protein-selective polymer
nanoparticle sorbents by molecular imprinting. Temperature-responsive, crosslinked poly(N-
isopropylacrylamide) nanoparticles, e.g. poly(NIPAmM-co-TBAmM-co-AAc) nanoparticles with an
optimized monomer composition have been used for the selective and reversible binding and
release of lysozyme. These are generally prepared by free-radical polymerization using persulfate
initiator at 60-70 °C. In order to further enhance their selectivity, molecular imprinting can provide

a means, but the initiator system must be altered to provide mild conditions, favorable for proteins.
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Therefore, in comparison with thermally activated ammonium persulfate (APS), |
investigated the use of two redox activators, tetramethylethylenediamine (TEMED) and sodium
bisulfite (SBS) that enhance the decomposition rate of APS at room temperature. | studied how
the different initiator systems influence the incorporation rate of the individual monomers and
drew conclusions about the polymer microstructure which might influence the binding of
lysozyme.

| found that the use of TEMED significantly delayed the incorporation of acrylic acid
(AAC) into the polymer compared to the other monomers, as opposed to the other initiator systems
where no big differences could be observed. This implies that the core of the TEMED/APS
initiated nanoparticles is lacking AAc, while their surface is highly enriched in it. This
inhomogeneity had a profound consequence on the nanoparticle’s lysozyme binding affinity. It
bound almost an order of magnitude less protein than the others. I could explain this difference
with the acid-base properties of TEMED and AAc. Ultimately it can be inferred that the choice of
the initiator system plays an important role in the microstructure and protein binding ability of the

resulting nanoparticles.

To facilitate the application of protein-selective polymer nanoparticle sorbents in the
sample clean-up of clinical/biological samples | have integrated them as a thin polymer shell onto
the surface of superparamagnetic nanoparticles using controlled polymerization. This allowed their
fast isolation and resuspension during the sample pre-treatment steps. Optimal conditions for the
lysozyme binding and release were investigated, such as incubation time, pH, ionic strength and
temperature. Also, their selectivity was assessed against other proteins, including high-abundant
proteins, like human serum albumin and y-globulins. They did not interfere with the binding of
lysozyme even at elevated concentrations, characteristic of proteinuria. | have elaborated a sample
cleanup procedure for urine samples utilizing the thermo-controllable protein binding ability of
the nanoparticles. | validated the method according to current bioanalytical method validation
guidelines. The method was highly selective, and could be used in the concentration range,
characteristic of certain types of leukemia. I have analyzed unknown urine samples with this and
a well-established reference method and very good correlation was obtained. The results prove
that protein-selective polymer nanoparticle-based methods can be promoted from research stage

to pratice in bioanalysis.
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I have introduced luminescence anisotropy measurement as a separation-free new tool to
study protein-polymer nanoparticle interactions and to quantitate proteins using selective polymer
nanoparticles. For this purpose, | have labeled lysozyme with a long-lifetime fluorophore, a Ru-
complex, the fluorescence decay time of which is much longer than the rotational correlation time
of the protein. As a consequence, the fluorescence anisotropy of the labeled protein is low, i.e. the
emitted light is depolarized. When a nanoparticle, having several orders of magnitude higher
molecular weight than proteins, binds the labeled lysozyme, the anisotropy increases due to the
significantly increased rotational correlation time. Thereby the protein-nanoparticle interaction can
be sensitively detected. | have measured the kinetics and isotherm of lysozyme binding on
poly(NIPAm-co-TBAmM-co-AAc) nanoparticles. Furthermore, 1 demonstrated the applicability of

the technique to measure unlabeled lysozyme in a competitive assay.

The main results of this thesis can be summarized in the following points:

1. | have developed a bio-probe, based on a new complex of Europium (I11) with 8-Allyl-2-
ox0-2H-chromene-3-carbaldehyde (AOCC) ligand for sensing small biomolecules (N-
acetyl amino acids, nucleobases and nucleotides) and DNA with time-gated luminescence.
The method is based on the luminescence quenching of the Eu*-(AOCC)s complex by the
bound biomolecules. The stoichiometry of the biomolecule- Eu®*-(AOCC) complex is 1:3,
the mechanism of quenching is static. The affinity binding constants and the type of

secondary interactions were determined. [Paper 1]

2. | have demonstrated, for the first time, that the use of the tetramethylethylenediamine/
ammonium persulfate initiator system in the synthesis of poly(NIPAm-co-TBAmM-co-AAC)
nanoparticles leads to the uneven distribution of acrylic acid through the nanoparticle
interior, which in turn negatively effects its affinity towards lysozyme. I have explained
this behaviour with the acid-base interaction of tetramethylethylenediamine and acrylic

acid. [Paper Il; Poster presentation 1, 2 and Oral presentation 4]

3. | prepared novel, poly(NIPAm-co-TBAm-co-AAc) hydrogel-coated thermoresponsive
magnetic nanoparticles for the bioanalysis of lysozyme in urine. | have developed and
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optimized a protocol to selectively extract lysozyme from human urine samples. For the
first time, | demonstrated the propriety of selective polymer nanoparticles in routine
clinical analysis of proteins from real biological samples, by bioanalytical method

validation. [Paper IlI; Poster presentation 3]

I have introduced luminescence anisotropy measurement, as a novel separation-free
method to quantitate the interaction of proteins with nanoparticles using a long-lifetime
ruthenium-complex for labeling. | have demonstrated its use by measuring the binding of
lysozyme on poly(NIPAm-co-TBAmM-co-AAc) nanoparticles. This new principle allows
the guantitation of proteins by selective polymer nanoparticles, as antibody substitutes, in

a competitive ligand-binding assay. [unpublished results]
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Table Al: Fo/F ratio for the interaction of Eu®*- (AOCC)s complex with different biomolecules under our
investigation.

compound Fo/F Fo/F Fo/F Fo/F Fo/F
(water) (ethanol) (methanol) (Acetonitrile) (THF)

NAC-Asp 1.01 2.58 1.21 0.96 0.99
NAC-Lys 1.01 1.24 1.09 1.30 0.98
NAC-him 1.00 1.25 1.06 1.26 1.00
NAC-his 1.01 1.98 1.10 0.98 0.99
Adenine 1.02 1.36 1.04 1.12 1.00
Cytidine 1.02 1.31 1.09 1.13 1.00
Inosine 1.02 1.29 1.11 1.00 1.00
5'-GMP 1.01 1.20 0.92 1.03 0.98
5-ATP 1.09 1.91 1.44 0.88 0.97
5'-IMP 1.04 5.00 1.01 1.24 1.01
5'CMP 1.01 1.18 1.11 1.17 0.98
5'ADP 1.07 3.16 1.58 1.28 0.98

Table A2: Thermodynamic parameters and correlation coefficients for the interaction of Eu*-(AOCC)s probe
with different biomolecules under our investigation at different temperatures

Analyte Temperature AH AS AG r?
(K) (kJ/mol) (J/mol K) (kJ/mol)
NAC-Asp 298 -42.21
303 -82.30 -136.2 -40.21
308 -40.47 0.850
313 -39.88
NAC-Lys 298 -39.67
303 -39.09 0.953
308 -88.11 -161.9 3867
313 -37.67
NAC-him 298 -40.36
303 -39.76 0.981
308 -63.15 -76.57 -39.74
313 -39.09
NAC-his 298 -41.49
303 -41.39 0.967
308 -83.49 -140.09 -40.33
313 -39.50
Adenine 298 -39.78
303 -102.76 -209.9 -39.42
308 3gg0 089
313 -36.45
Cytidine 298 -39.34
303 -38.17 0.970
308 -81.41 -141.6 -38.00
313 -37.04
Inosine 298 -40.24
303 -60.31 -67.59 -39.66 0.978
308 -39.67
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Appendix B
(to Chapter 5)
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Figure B5: Conversion of the individual monomers with time in PNP1 prepared with SDS at 60°C; PNP2
prepared at 60°C; PNP3 prepared with SBS at 40°C; PNP5 prepared with TEMED at 40°C (for comparison all
conversion plots are shown on the same scale)
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Figure B6: Conversion of the individual monomers with time in PNP7 containing 2.5% AAc, prepared with
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prepared with TEMED at 40°C
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Appendix C
(to Chapter 6)

Characterization of the Lys-PMNPs

X-ray diffraction measurement

The crystal structure of Fe304, Fe304@Si02, Fe30s@SiO2-NH2, Fez04@SiO@RAFT and
Lys-PMNP was investigated by using XRD analysis, and the spectra are presented in Figure C8.
They show the six characteristic peaks of magnetite marked by their indices (220, 311, 400, 422,
511, and 440)?®8 which were obtained in the 20 range of 20-70. It is clear that the position of the
diffraction peaks was invariant, indicating that the crystalline structure of Fe3Os was unchanged
after the encapsulation into SiO, and after further modifications including the polymer layer

formation.

a——~Fe;0,
b——Fe,0,@Si0, 44
¢ —Fe;0,@Si0,-NH,

d - Fe;0,@Si0,@RAFT
e Lys-PMNP

Intensity (a.u.)

20 30 40 50 60 70
20 (degree)

Figure C8: X-ray diffraction spectra of FesO4, FesOs@SiO2, FesO4@SiO2-NH2, FesOs@SiO2@RAFT and Lys-
PMNP
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Fourier Transform Infrared Spectroscopy

FT-IR was used to characterize the chemical compositions of FesO4 prepared by the co-
precipitation method, PS and PS-FesO4 (Figure C9A). FezO4 particles showed the characteristic
Fe—O absorption peaks at 540 cm™ indicating that Fe3O4 was successfully formed. PS latex showed
characteristic carbonyl stretching vibration at 1706 cm™, indicating the presence of a carboxyl
group on the surface.?** After the attachment of FesO4 nanoparticles, the relative intensity of the
carbonyl peak at 1706 cm™ to the benzene stretching peak at 1600 cm™ decreased greatly, and a
weak peak attributed to carbonate symmetrical stretching appeared at 1402 cm™.24 These spectral
changes indicate that the carboxyl groups on the PS latex surface are converted to carbonate due

to the coordination of the carboxyl group with an Fe** ion from the FesO4 nanoparticles.

FT-IR was used to characterize the chemical composition of FesO4 prepared by the solvothermal
method and for the subsequent modification steps Fes0s@SiO2, Fe30s@SiO2-NHa,
Fe304@SIO.@RAFT and Lys-PMNP and the spectra are presented in Figure C9B. All six
spectrum curves had the (Fe—O) characteristic absorption peak at 540 cm™, indicating that FesOa4
was successfully encapsulated in the polymer and the magnetite nanoparticles were not affected
after the modifications. In Figure C9B (b-f), the strong absorption peaks at 1100 cm ™ and 794 cm-
L were attributed to symmetric and asymmetric stretching vibration of (Si-O) respectively, and the
broad absorption peaks at 1662 cm™* and 3400 cm™ to (-OH) silanol group vibrations, which
indicates that the FesO4 core have been successfully coated with the silica layer. The FT-IR
spectrum of the FesOs@SiO2-NH2 and Fe304@SiO.@RAFT particles show weak absorption
peaks between 2800-3100 cm ™t which are related to the stretching vibration mode of C—H bonds
in aliphatic and/or aromatic groups. The weak band at 1658 cm™ in the Fes04s@SiO,@RAFT is
dedicated to C=0 stretching vibration in the amide group. The very weak absorption at 1444 cm™1
is due to the C=C bond in the aromatic ring inferring the attachment of the RAFT agent. In the
polymer coated particles the absorption peaks at 1540 cm™ are caused by (N-H) bending, at
1644 cm™* by (C=0) stretching vibrations of amide groups. The peaks at 2826 cm™ and 2925 cm™
are (C-H) stretching vibrations. Absorption peaks at 1392 cm™ and 1365 cm™ are characteristic
of symmetrical stretching vibrations in carboxylic groups. These confirm the successful synthesis
of the polymer shell on the Fes0s@SiO.@RAFT particles.

153


https://www.thermofisher.com/hu/en/home/industrial/spectroscopy-elemental-isotope-analysis/spectroscopy-elemental-isotope-analysis-learning-center/molecular-spectroscopy-information/ftir-information.html

Transmittance (%)
Transmittance (%)

f—— Lys-PMNP
Lys-PMNP-TEMED
c—— Fe;0,@Ps d—— Fe,0,@Si0,@RAFT

b—ps c—— Fe,0,@Si0,-NH, d
a— Fe;0, c b—— Fe;0,@Si0, e
a— Fe,0, f
T T T T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

Figure C9: FT-IR spectra of A) FesOa4(a), PS nanoparticles (b), PS— FesO4 composite particles (c), B) FesOa
(a), Fes0s@SiOz2 (b), Fes04@SiO2-NH: (c), FesOs@SiO.@RAFT (d), Lys-PMNP (e) and Lys-PMNP-TEMED ()

Thermogravimetry

Fe30:@Si02, Fes04@Si0O2-NH; and Fez0:@SiO2@RAFT showed a weight loss of 6.1%,
6.5% and 7.6%, respectively between the 200 °C and 550 °C range, indicating the decomposition
of some residual organic contaminants and the loss of water from the surface —OH groups.
Compared with FesO4s@SiO2@RAFT, Lys-PMNP and Lys-PMNP-TEMED showed an additional
weight loss of 9.0%, and 16.8%, respectively in the same temperature range due to the
decomposition of the grafted polymer shell.
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Figure C10: TG curves of Fes0s@SiO2, FesOs@SiO2-NH:2, Fes0:@SiO2@RAFT, Lys-PMNP and Lys-PMNP
TEMED
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Zeta potential measurement

The surface charge of the nanoparticles was characterized by zeta potential measurement.
The measurements in water showed zeta potentials of 31.4 = 2.8 mV for Fe3O4, and a more
negative, -3.4 + 3.3 mV for Fes04@SiO2 because of the negatively charged silanol groups. The
zeta potential of the amine-functionalized Fes04@SiO2-NH> particles was positively charged

(30.7 = 0.3 mV) because of the incorporation of protonated amino groups.

Quantitation of the surface NHz-groups 3%°

Quantitation of primary amino groups on the surface of FesO4s@SiO2-NH; particles was
carried out in order to prove the successful layer formation from APTMOS and the consecutive
modification by the RAFT agent. This was carried out by the ninhydrin colorimetric assay (see
section 3.4.3.1). The calibration curve is shown in Figure C11. For measuring the primary amino
groups on the surface of the nanoparticles we added 600 pl reaction mixture to 3 mg of
nanoparticles. The concentration of amino groups was calculated before and after modification

with RAFT, and were 147 and 65 nmol/mg respectively.
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Figure C11: Calibration curves for APTMOS using ninhydrin assay
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