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Abstract

This study demonstrates the preparation of photosensitively orientated and crosslinked proteinous polymeric shell having
quantum dot based nanocrystals through Amino acid Decorated and Light Underpinning Conjugation Approach
(ANADOLUCA). ANADOLUCA is based on photo-electron transfer method and uses these decorated nanocrystals for specif-
ically and effectively recognition and detection of Immunoglobulin M in the aqueous environment. The conjugation method
effectively provides an orientation of affinity pairs on the surface of quantum dots nanocrystals. This photosensitive ruthenium-
based amino acid monomer is a synthetic and inexpensive material for the preparation of bioconjugates. The nanocrystals give
advantages for using a wide pH and temperature range. The construction and preparation method is applicable to silica materials,
superparamagnetic particles, quantum dots, carbon nanotubes, Ag/Au nanoparticles, Au surfaces, and polymeric materials. This
prepared proteinous polymeric shell decorated nanocrystals are of great potential in applications in life sciences and can be used
in infection case studies or allergy symptoms.
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Introduction during the primary immune response for fighting infection by
B cells. The amount of IgM is increased in the early days of

Immunoglobulin M (IgM) antibodies are the highest antibody  infection. Then the amount of IgM decreases, while the amount

with the molecular weight of approximately 950 kDa [1].
Mostly found as a pentamer but also it can be found as a
hexamer. Since each IgM monomer contains two antigen bind-
ing sites, a pentameric IgM has ten binding sites [2, 3]. IgM
antibodies are about 5% to 10% of all the antibodies in the
body. The average concentration of IgM is 1.5 mgmL ™" in the
normal human serum [4]. IgM antibodies are found in blood
and lymph fluid and are the first type of antibodies formed
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of immunoglobulin G (IgG) increases. A high ratio of IgM
states the early stage of infection. Pentameric structure of IgM
allows rapid clearing of blood from antigens during the primary
stages of an infection. Detection of a recent or ongoing infection
can be achieved with the sensing of specific IgM antibodies
[5—7]. Determination of IgM has been performed in many stud-
ies to determine chronic hepatit [8], rubella virus [9], dengue
virus [10—12], measles virus [13], typhoid, rheumatoid arthritis,
cirrhosis, malaria, Waldestrom macroglobulinemia and malign
plasma cell tumors [14]. Therefore sensitive recognition and
determination of IgM are substantial for clinical studies. As a
totally different from other serum immunoglobulins, human
IgM contains a high amount of mannose [7, 15]. Because of
this, Concanavalin A (Con A) which act as a mannose binder
[16, 17] have been used for the recognition of IgM. Con A is
widely used in the characterization of glycoproteins, purifica-
tion of macromolecules in lectin affinity chromatography [17,
18] and diagnosis of diseases in the existence of specific sugars
like mannose [19].

In recent years, nanomaterials like silver nanoparticles,
gold nanoparticles, carbon nanotubes, magnetic nanoparticles,
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silica nanoparticles and quantum dots (QDs) are of great in-
terest for researchers. Nanomaterials improves the perfor-
mance of biosensors, enhance the binding points, the sensitiv-
ity and the selectivity, reduce the detection time and push the
detection limit due to having large surface area [20]. QDs are
fluorescent semiconductor nanoparticles which have advan-
tages because of broad excitation spectra, adjustable and nar-
row emission spectra by depending on size. They are highly
luminescent, long luminescence lifetime and stable against
photobleaching [21]. QDs have advantages labeling nucleic
acids or proteins for optical detection compared to organic
fluorophores. Since water-soluble QDs enhance stability and
biocompatibility of QDs, water-soluble QDs have widely used
for biological and medical applications [22]. The
functionalization and oriented conjugation of biomolecules
to QD surface are one of the most important factors, since
biomolecules should not lose natural binding activity. The
conjugation of the biomolecules must be in the appropriate
direction to achieve an effective binding activity.
Biomolecules immobilization on the QD surface can be done
with covalent or non-covalent binding [23]. Covalent immo-
bilization provides highly surface covering, an irreversible,
stable, reproducible and orientated immobilization [23, 24].

An Aminoacid Decorated and Light Underpinning
Conjugation Approach (ANADOLUCA) which contains pho-
tosensitive bis pyridyl ruthenium (II) ion ([Ru(bipyr),]**) and
amino acid based functional monomer such as
methacryloylamido tyrosine (MATyr) monomers was devel-
oped for covalent crosslinking of biomolecules. This simple
and inexpensive conjugation method effectively provides ori-
entated crosslinking of proteins on the nanoparticle surface.
Prepared lectin and an antibody having cross-linked
nanocrystals have advantages for using at wide pH and tem-
perature range, without any distortion in their structure and
activities [25, 26]. It also provides a way to increase the
QDs stability of nanocrystals with polymeric shells.

The nanocrystals consist of Con A and anti-IgM were ef-
fectively photoimmobilized on the surface of QDs in one step
in the presence of chlorobis(2—2-bipyridyl)-methacroyl-
amidotyrosine-Ruthenium(Il) (MATyr-Ru(bipyr),Cl), ammo-
nium persulfate (APS) and daylight. Photosensitive Ru (II)
based functional monomer (MATyr-Ru(bipyr),Cl) was syn-
thesized and then characterized by using nuclear magnetic
resonance spectrometry (NMR) and matrix-assisted laser de-
sorption ionization time of flight mass spectrometry (MALDI-
TOF MS). Functionalization of QD was performed with
methacryloylamidocysteine (MACys) and
methacryloylamidotyrosine (MATyr) monomers. After this
functionalization, immobilization and crosslinking of Con A
and anti-IgM on QDs were performed in the presence of pho-
tosensitive Ru (I) based functional monomer in daylight. The
interactions between nanocrystals having proteinous shell and
IgM were studied using fluorescence spectrophotometer at
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different IgM concentrations. The binding affinity of each
QD based nanocrystals was investigated for the recognition
of IgM by taking advantage of QDs fluorescent properties.
Affinity constants for Con A and anti-IgM conjugated QDs
were found to be 42.75 10° M ! and 32.1 10° M, respec-
tively. The usage of ANADOLUCA method as a cross-linking
and conjugation of the affinity proteins for the decoration of
QDs was provided for the effective recognition of IgM in
aqueous environments.

Material and Methods
Materials and Instruments

Benzotriazole, Methacrylic Acid, Triethylamine, L-Tyrosine,
trifluoroacetic acid (TFA), acetonitrile (MeCN) and L-
Cysteine were provided by Sigma-Aldrich (St. Louis, MO,
USA). For the purification of water, Barnstead NANO pure
ultrapure water system was used. Vario ELIII elemental ana-
lyzer was used for the elemental analyses. Nuclear magnetic
resonance spectrometry (NMR) characterizations of the syn-
thesized functional monomers were performed by using
500 MHz Bruker Ultra- shield NMR. All matrix-assisted laser
desorption ionization time of flight mass spectrometry
(MALDI-TOF MS) analyses were performed by Voyager
Biospectrometry STR Workstation. The following procedure
was applied for the MALDI-TOF MS analyses: The applied
acceleration voltage and delay time were 20 kV and 100 ns,
respectively. The positive reflector and delayed extraction
modes were used for mass analysis. 1 pL of sample solution
was mixed with 24 uL of a 10 mgmL™" of x-cyano-4-
hydroxycinnamic acid (CHCA, as a matrix) solution in
MeCN/0.2% TFA. 1 uL of this mixture was spotted onto a
MALDI-TOF MS sample plate and waited to dry for a while.
Then, MALDI-TOF MS spectra were obtained. A Carry
Eclipse Varian Fluorescence Spectrophotometer as used for
the photo-luminescence analyses.

Synthesis of Aminoacid Based Monomer
and Ruthenium Based Functional Co-Monomer

For this purpose, the methacryloylamido tyrosine (MATyr)
monomer and methacryloylamido cysteine (MACys) were
synthesized applying previously published procedure [25,
27].

Dichloro bis pyridyl ruthenium (II) (RuCly(bipyr),) and
ruthenium based functional co-monomer (MATyr-
Ru(bipyr),Cl) were synthesized by using the reported proce-
dure [25, 26]. The monomer characterization was carried out
by MALDI-TOF MS and NMR. After then photosensitive
ruthenium-based functional monomer was interacted with
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guanine and polymerized with APS in daylight. Oligomer
characterization was carried out by MALDI-TOF MS.

Synthesis of Quantum Dots

A previously reported procedure was applied for the synthesis
of quantum dots (QDs) [25, 28]. For this purpose, 20 mL of
0.01 M Cd(CH3COO), 2H,0 solution was prepared in EtOH.
Then, it was allowed to stir for 20 min at N, atmosphere.
20 mL 0of 0.01 M Na,S was then slowly added to this solution
and allowed to stir at N, atmosphere for 20 min. Finally, the
precipitated QDs were centrifuged at 14000 rpm for 15 min,
washed with deionized H,O and allowed to dry at room
temperature.

Functionalization of Quantum Dots with Amino Acid
Based Monomers

The synthesized QDs were functionalized with MACys
and MATyr monomers, separately. In the first step of the
functionalization process, 5 mL of QDs were dispersed in
EtOH. Then, 10 mL of MACys (0.018 M) was added into
this mixture for conjugation of the methacryloyl groups of
the monomer on the surface of QDs. Functionalized QDs
were washed four times with EtOH and deionized H,O
for the removal of unreacted -SH groups. At the end of
this process, a layer of MACys was successfully formed
on the surface of the QDs. The prepared QDs functional-
ized with MACys were then washed EtOH and deionized
H,>O for four times for the removal of unreacted function-
al monomers. After MACys functionalization, fluores-
cence measurement was performed by diluting 20 times.
Then, MACys functionalized QDs was mixed with
MATyr solution throughout the day (5 mg monomer in
20 mL EtOH) and finally functionalized QDs were then
washed EtOH and deionized H,O for four times for the
removal of unreacted functional monomers.

The Decoration of Concanavalin a and
Anti-lmmunoglobulin M Functionalized Quantum
Dots and Interaction with Immunoglobulin M

Firstly, 5 ppm 1 mL of Con A solution, 100 uL of pho-
tosensitive ruthenium-based amino acid oligomer and
100 uL of 100 mM APS in phosphate buffer pH 7.4 were
added into 2 mL of MACys and MATyr, separately, mod-
ified QDs solution and polymerized in daylight through-
out the day. Then, Con A conjugated QDs were centri-
fuged and dispersed to 2 mL with phosphate buffer. And
then, these particles were separated into five parts and
each part interacted with five different concentrations of
IgM solutions (1072 ppm-1 ppm). The fluorescence inten-
sity values of these interactions were measured by 20

times dilution as was done above synthesis. Anti [gM
conjugated QDs were prepared applying the same proce-
dure and interacted with IgM solutions. IgM desorption
was performed with 0.1 M NaCl solution.

Results and Discussion

Characterization Studies of Amino Acid
and Ruthenium-Based Monomers

The characterization of the synthesized functional monomers
MATyr, MACys and photosensitive ruthenium based func-
tional monomer (chlorobis(2-2-bipyridyl)-
methacroylamidotyrosine-Ruthenium(Il); MATyr-
Ru(bipyr),Cl) was carried out by using NMR and MALDI-
TOF MS. The obtained data from these experiments are in the
following:

'"H NMR data for MACys monomer were given the
following: 'H (500 MHz, DMSO-d6 and D,0): &: In
DMSO-d6 two single peaks between 7.7-7.4 ppm were ob-
served and because these peaks were lost in D0, it is sup-
posed that these are —SH and —NH peaks. The peaks at
5.7 ppm (s, 1H) and 5.3 ppm (s, 1H), 4.2 ppm (m, 1H), 3.1-
3.0 ppm (m, 2H) and 1.9 ppm (s, 3H) were assigned to ethyl-
ene group of methacryloyl group, the CH proton bonded to the
NH group of amino acid, the -CH,- protons for cysteine and
the ~CH; group on methacryloyl moiety, respectively. '>C
(125 MHz, D,0), 6: 177.5, 172.9, 141.8, 122.6, 55.1, 30.1,
17.49 ppm.

The "H NMR and >C NMR peaks at 7.3 (d, 2H), 7.0 (d,
2H), 6.3 (s, 1H) were proved that MATyr monomer was syn-
thesized. 1*C (125 MHz, DMSO-d6), §: 170.9, 165.8, 149.6,
135.9,130.9, 128.0, 121.8, 115.6, 55.9, 37.0, 18.5 ppm.

The elemental analysis results for Dichloro bis pyridyl
ruthenium (IT) (Ru(bipyr),Cl,) [CooH;5Cl,N4Ru] was
found as C 48.2%, H 3.0%, N 12.9%, calculated as C
49.7%, H 3.1%, N 11.6%. The 'H NMR peaks at
10.2 ppm (d, 2H), 9.9 ppm (d, 2H), 9.7 ppm (d, 2H),
9.6 ppm (d, 2H) indicates that dichloro bis pyridyl ruthe-
nium (II) (Ru(bipyr),Cl,) was synthesized. The MALDI-
TOF-MS ion peaks at 413, 448 and 484 m/z were
assigned to Ru(bipyr),, Ru(bipyr),Cl and Ru(bipyr),Cl,,
respectively (Fig. 1). With the aid of the elemental anal-
ysis, MS spectra and "H NMR spectra, it has been proved
that the dichloro bis pyridyl ruthenium (II)
(Ru(bipyr),Cl,) molecule is synthesized exactly.

The elemental analysis results for Ru(bipyr),MATyrCl
[C34H33CINsO4Ru] was found as C 56.7%, H 5.0%, N
10.2%, calculated as C 57.3%, H 4.7%, N 9.8%. The 'H
NMR peaks at 9.7 ppm (d, 4H), 8.6 ppm (d, 4H), 7.9 ppm
(t, 4H), 7.3 ppm (t, 1H), 7.2 ppm (t, 2H), 7.2 ppm (d, 2H),
7.1 ppm (t, 4H), 5.3 ppm (d, 1H), 5.3 ppm (d, 1H),
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1.8 ppm (s, 3H) proves that MATyr-Ru(bipyr),Cl was
synthesized. MATyr monomer and Ru- MATyr related
ion peaks were obtained at 250 and 351 m/z, respectively.
The obtained MS and NMR spectra and the data of ele-
mental analyses confirmed that the synthesis of the
Ru(bipyr),MATyrCl was successfully achieved.

The photosensitive oligomer includes the repeating unit
produced from ruthenium-based functional monomers and
can be represented by the following Reaction 1. The photo-
sensitive oligomer of Reaction 1 can be prepared by a con-
ventional polymerization reaction. The polymer contains
about 24 repeating units according to MALDI-TOF MS anal-
yses (Fig. 2).

[Ru(bipyr),MATyrCl] Polym.react. ([Ru(bipyr),MATyrCl] ) (1)

———

MATyr monomer, Ru-MATyr, Ru(bipyr)MATyrCl and
Ru(bipyr),MATyr related ion peaks have obtained at 250,
351, 541 and 662 m/z, respectively. The ion peaks at 413
and 448 m/z are belonged to Ru(bipyr), and Ru(bipyr),Cl,
respectively.

@ Springer
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trifluoroacetic acid (TFA). The acceleration voltage was set to 20 kV,
the delay time was 100 ns, grid voltage 65%, laser intensity 2200 and at
reflector mode

Measurement of Binding Interactions
of Immunoglobulin M with Concanavalin a and
Anti-lgM Decorated Quantum Dots

The binding ability of IgM with con A and anti-IgM decorated
QD based nanocrystal was evaluated by using fluorescence
spectroscopy. The fluorescence intensity of QDs functional-
ized with MACys which has hydrophilic thiol group has in-
creased. When the second functionalization was carried out
with MATyr monomer, fluorescence intensities of QDs also
increased. On the other hand, the fluorescence intensity de-
creased when QDs were cross-linked and decorated with con
A and anti-IgM solution in the presence of photosensitive
ruthenium-based co-monomer. The obtained results showed
that quenching occurs because of fluorescence resonance en-
ergy transfer (FRET) (Fig. 3.) FRET is an energy transfer
method and this energy transfer occurs between the excited
state of the donor to ground state of the acceptor by dipole-
dipole interaction. Energy transfer efficiency depends on the
distance (approximately 10-100 A°) from the donor to the
acceptor. FRET has widely used the investigation of the
protein-protein interactions, antibody-antigen interactions,
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Fig. 2 Matrix assisted time of flight mass spectrum of photosensitive acetonitrile/0.3% trifluoroacetic acid (TFA). The acceleration voltage
ruthenium based polymers [P(Ru(bpy),MATyrCl]. Instrument setting: was set to 20 kV, the delay time was 100 ns, grid voltage 65%, laser
1 puL of P(MATyr-Ru(bpy),-Cl) solution was mixed with 24 pL of 10 intensity 2200 and at reflector mode

mgmL ™" solution of «-cyano-4-hydroxycinnamic acid (CHCA) in

Fig. 3 Fluorescence intensities of
a. Fluorescence Intensities of Con a
A conjugated QD b. Fluorescence
Intensities of anti [gM conjugated
QD (MACys: methacryloylamido 600 -
cysteine, MATyr:
methacryloylamido tyrosine, Con 400
A: Concanavalin A, IgM:

Immunoglobulin M, a: MATyr
Functionalized QD, b: MACys 200+
functionalized QD, c: QD, d: Con
A conjugated QD, e: interaction o
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DNA-protein interactions, conformational change, DNA hy-
bridization, and nanosensors studies [29-33]. The fluores-
cence intensities of the nanocrystals are given in Fig. 3.

When Con A and anti-IgM decorated QDs interacted with
IgM, fluorescence intensities of QDs decreased due to bind-
ing. The fluorescence intensities of Con A and anti-IgM dec-
orated QDs increased in proportional to IgM concentration.

Scatchard analysis [28, 34, 35] and Langmuir isotherm [28,
36] can be used for characterization of interaction. The affinity
constants define the binding affinity between two molecules at
equilibrium. The binding equation is as follows:

[eM+QDs & [[gM-QDs] 2)

-1

o~

Where QDs and IgM-QDs represent Con A and anti-IgM
decorated QDs and binding of IgM to QD nanocrystals. The
interactions of anti-IgM and Con A decorated QD
nanocrystals with I[gM was given in Fig. 4.

Langmuir isotherm validation can be investigated by cal-
culating the affinity constant using fluorescence intensities at
equilibrium with various concentrations. The Langmuir

relationship can be determined by using Eq. 3:

Co/T=1/Lnax b + Co/Lnax (3)

Where Cy, b, and I, are [gM concentration, Langmuir
constant, and the maximum fluorescence intensity, respective-
ly. The results obtained from the linearized form of the
Langmuir isotherm were given in Table 1. The binding affin-
ities of Con A and anti-IgM conjugated QDs, K, and I,
values were determined.

As seen from Table 1, in general value of K, based on
Langmuir analysis shows the accessibility of IgM molecules
to all of the nanocrystals. Affinity constants for Con A and
anti-IgM conjugated QDs were found to be 42.75 10° M " and
32.1 10° M, respectively. Disassociation constant (Kp,) for
Con A and anti-IgM conjugated QDs were obtained at 23.4
pM and 31.15 pM, respectively. Because of Con A has mul-
tiple binding sites for IgM binding, the affinity constant of
ConA is higher than the affinity constant of anti-IgM. Con A
is smaller than anti-IgM and also steric hindrances of Con A is
less than anti-IgM. It is found that Con A decorated QDs has a
more binding capacity for IgM. Youan et al. immobilized con-
canavalin A on QCM surface by using carbodiimide
crosslinking and investigated binding analysis between

Con A: Concanavalin A
Ig M: Immunoglobulin M
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Fig. 4 The shematic represantation of interaction of Immunoglobulin M
with a. Conconavalin A conjugated Quantum Dots b. Anti
Immunoglobulin M conjugated Quantum Dots (MACys:
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Table 1 Comparision of Langmuir analysis for Conconavalin A and
anti Immunoglobulin M Conjugated Qunatum Dots

Langmuir K, M) L (@u) R?
Con A Conjugated QD 42.75 10° 74.074 0.9915
Anti-IgM Conjugated QD 32.1 10° 74.074 0.9905

ConA and mannan. The association constants were found to
beas 3.93 10°M ' and 3.46 10° M ! for ConA-glycogen and
Con A-mannan interactions by Youan et al., respectively. Kp
values were calculated as 0.25 uM and 2.89 uM, respectively
[37]. Mislovica et al. found the dissociation constants of man-
nan and its conjugates with BSA on Con A bead cellulose
sorbent to be about 2.81 1077 and 8.98 10™® M. Mannan
—BSA conjugates interaction with Con A was also investigat-
ed by SPR and found to be about 5.32 107" and 3.25 107’ M
[38]. Brewer et al. reported that Con A binds to tetravalent
trimannoside analog was nearly four times greater than that of
the corresponding monovalent analog mannose [39]. The re-
sults of obtained from Langmuir analysis showed that pre-
pared proteinous polymeric shell decorated nanocrystals have
a high affinity to IgM. It confirms that presented proteinous
polymeric shell decorated nanocrystals are a robust platform
for characterizing protein-ligand affinity.

The Langmuir adsorption isotherm presumes that the mol-
ecules are bound at a certain number of well-defined sites and
this binding site is able of holding only one molecule [25].
These binding sites are also presumed to be energetically
equivalent, homogeneous, and far away from each other in
order not to disturb the interaction between the binding mol-
ecules. The fact that the correlation constant (R?) obtained
from the Langmuir isotherm is close to the value of one indi-
cates that the nanobioconjugation system is in favor of the
Langmuir adsorption model. This adsorption model indicates
that the binding site of nanocrystals is an energetically equiv-
alent, homogeneous and distant from each other. By using
ANADOLUCA method, orientated immobilization of pro-
teins was carried out effectively.

The prepared proteinous polymeric shell decorated
nanocrystals are of great potential in fundamental research as
well as in applications in life sciences. Recently, Suda prepared
[40] sugar chain immobilized fluorescent nanoparticles
(SFNPs) as a point of care diagnostic application for Guillain-
Barré Syndrome. Since SFNPs creates fluorescent aggregates
with anti-ganglioside antibodies in sera with GBS, they were
used successfully for visual detection under UV light.
Bonsignori and Moody developed [41] simultaneous detection
of specific IgG and IgM antibody-secreting cells by replacing
the fluorophores with ODs. Matsui et al. [42] immobilized anti-
human IgG and anti-mouse IgG antibodies simultaneously to
coated nanotubes and they proved that the biological molecular

recognition between the multiple-antibody nanotubes and the
complementary antigen arrays organized these antibody nano-
tubes according to the ordered arrays. Their approach was to
immobilize antibody-coated nanotubes at particular comple-
mentary binding positions on surfaces.

Conclusions

In this study, a novel protein immobilization approach which
contains ruthenium-based functional monomer was devel-
oped. Immobilization of Con A and anti-IgM in the presence
of photosensitive ruthenium-based functional monomers is an
important step and orientated immobilization can be done in
one step. This conjugation method, which is based on covalent
and cross-linking, provides an appropriate antibody orienta-
tion by preventing denaturation of the antibody during the
binding process. The photosensitive ruthenium-based func-
tional monomers can efficiently be conjugated to various mi-
cro and nano-surfaces through chemical binding. Affinity con-
stants for Con A and anti-IgM conjugated QDs were found to
be 42.75 10° M™" and 32.1 10° M, respectively. Con A
affinity to IgM was found to be quite as good as an anti-IgM
antibody affinity to IgM. These results were shown the
connections for investigation of lectin-antibody interac-
tions. Prepared nanocrystals were also used in the deter-
mination of IgM. These nanocrystals are potential candi-
date substances for the determination of IgM in aqueous
environments. QDs could be used for a wide range of
biological studies by taking advantage of their fluorescent
properties. IgM plays a central role in the initial response
of the immune system to foreign antigens. An important
approach to the rapid diagnosis of infectious diseases is
the detection of specific IgM antibodies. IgM content in
human serum can be used to estimate immune function
and is an important parameter for diagnosing acute and
chronic hepatitis, rheumatoid arthritis, hepatocirrhosis,
malaria, typhoid, HIV infections, dengue fever, Waldestrom
macroglobulinemia, and malignant plasma cell tumors. Thus,
a sensitive estimate of IgM is important in clinical laborato-
ries. This prepared proteinous polymeric shell decorated
nanocrystals are of great potential in fundamental research as
well as in applications in life sciences and can be used in
infection case studies or allergy symptoms.
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