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An advanced site-specific conjugation strategy for the preparation of quantum dot-based antibody probes

applicable in various immunoassays from fluorescence to electrochemical biosensors is described. The

combination of antigen (protein ApoE) modified magnetic particles providing protection to antibody

binding sites, simple carbodiimide chemistry and carboxylate quantum dots (QDs) made of CdSe/ZnS

is used for efficient labelling of anti-ApoE antibodies representing a model system. Polyacrylamide

gel electrophoresis, fluorescence spectra measurements, capillary electrophoresis-laser induced

fluorescence (CE-LIF) and square wave anodic stripping voltammetry (SWASV) were used for

experimental verification of labelling efficiency. A simple change in antibody type makes this approach

versatile and exploitable in a wide range of applications.
1. Introduction

Immunoglobulins and alternative antigen binding formats have
the key position in a wide range of conventionally designed
immunoassays fully utilizing the natural characteristics of
antibodies to specically target molecules or antigens.1–4 The
conjugation of specic antibodies with signal generating
molecules including conventional radioactive isotopes, organic
dyes, reporter enzymes, biotin or new generation probes such as
quantum dots, carbon- and graphene-based nanomaterials,
dendrimers or fullerenes enables the detection of bioactive
compounds of various physico-chemical nature occurring over
a wide concentration range.5,6

Recently semiconductor QDs have been considered as a new
class of luminescent probes well suited for biological research
and clinical medicine.7,8 Luminescent nanocrystal QDs repre-
sent spherical particles with diameters in the range of 1–15 nm.9

Their typical core–shell structure and material composition
reect their impressive opto-chemical properties for instance
size-tunable emission, excellent signal brightness, and nearly
no-photobleaching8 whereas charged ligands on the surface
provide water solubility and biocompatibility.10 The ability to
link QDs with various bioactive molecules without losing the
aforementioned characteristics provides wide-eld applica-
tions. Quantum dot-based immunochromatographic assays11,12
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or QD-FRET biosensing devices13 are only two examples of
numerousmethods using QDs as a signal generating probe. The
improved sensitivity, selectivity and multiplexity of QD-based
methods enabled us to meet the high demands of the require-
ments for diagnostic methods for detecting tumours and other
clinically important biomolecules.8,14

The unique properties of QDs such as their ability to
generate uorescence, chemiluminescence, conductivity or
electrochemical signals enable us to select an appropriate way
of detection based on the characteristics of the biomarker to be
detected, its expected concentration, and taking into account
also the complexity of the biological material and laboratory
instrumentation.15,16

The surface properties of QDs play an important role in the
conjugation process through which QDs can be attached to
biomolecules.17,18 The structure of core–shell QDs with
a “coating” made from polymer molecules provides enough
active functional groups for covalent binding of various bioac-
tive molecules. Generally, there is an effort to apply a user-
friendly and low-cost conjugation strategy suited for routine
production of quantum dot-based probes. In particular, tradi-
tional bioconjugation techniques including random, site-
selective, covalent or non-covalent strategies are widely used
in the case of core–shell QDs.8,19

Carbodiimide mediated coupling represents one of the top
covalent strategies used for crosslinking between amine and
carboxylic functional groups. Although this approach is quick
and very effective due to the high reactivity of crosslinking
reagents, the most common strategy is the combination of EDC
with sulfo-NHS. The limited possibility to control the orienta-
tion of biomolecules to be conjugated, inuencing the total
Anal. Methods, 2017, 9, 1991–1997 | 1991
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activity of the modied carrier, is a drawback needed to be
taken into account in the case of use. Conjugates prepared via
carbodiimide chemistry are suitable for e.g. cellular imaging
and tracking, for cancer cell targeting.20–22

Thiol chemistry is another frequently used conjugation
strategy for the preparation of QD-nanoprobes for example for
immunolabeling of cells or tissue specimens. Maleimide
coupling is an example of the site-specic method strictly
dependent on pH aimed at the conjugation of primary amines
with thiols. However, the modication of proteins before
conjugation is required in many cases.23,24

The carboxyl conjugation technique fully exploits the pres-
ence of carbohydrate groups located on the Fc fragment of
immunoglobulins, and the reactive aldehyde groups react with
the hydrazide modied counterpart. Conjugates prepared via
the carboxyl crosslinking procedure are biocompatible and t
very well for sensing and bioimaging.25

His-tag site-specic coupling via polyhistidine residues is
a great option for recombinant proteins to be conjugated with
QDs. In this case Ni-NTA represents a biofunctional adaptor
covalently linked to the QD whereas histidine-tagged antibodies
bind the nickel ion by the chelation process.8 Low production
cost is the main advantage. These conjugates have been already
used for in vivo imaging applications.8,25,26

The coupling strategy based on the biospecic pair
streptavidin-biotin belongs to the simplest and widely used
non-covalent techniques. This technique provides quick and
relatively stable binding among all cooperative partners.
Despite the size of this conjugate, which could be limiting in
some applications, usability in cell biology has already been
mentioned.27,28

Besides the possibility to prepare a “lab-made” quantum dot-
based conjugate by one of the methods mentioned above, there
is also a commercially available labeling kit (SiteClick™ Anti-
body Labeling Kit) enabling specic conjugation of QDs with
IgG molecules via modied carbohydrate domains. However,
this antibody labeling system brings a few disadvantages such
as the limited amount of QDs per 1 mol of IgG molecules and
contamination of the nal conjugation product by free non-
conjugated QDs. Final purication steps are desired however
with signicant losses.

Our work is focused on the development of an advanced
conjugation technique suitable for routine preparation of QD
conjugates of various specicities. To prepare quantum dot-
based probes of high quality is a necessary prerequisite for
their integration into sensitive and robust bioassays.

As many frequently used conjugation techniques, our
protocol benets from a well-known carbodiimide-based
chemistry. Our original procedure includes (i) the bio-
functionalization of the solid phase based on magnetic micro-
particles, (ii) capturing of the molecules to be conjugated with
QDs by the molecules of the biospecic partner located on the
magnetic carrier and covalent binding of QDs with biomole-
cules to be labeled, and (iii) the elution step providing a ready-
to-use fraction of biomolecules labeled with QDs, i.e., probe
molecules.
1992 | Anal. Methods, 2017, 9, 1991–1997
The main goal was to prepare specic probes for bioassay
combined with highly sensitive electrochemical detection.
Apolipoprotein E (ApoE) and rabbit polyclonal anti-ApoE IgGs
were used as a model of the biospecic pair. Our intention was
to develop such a labeling strategy to obtain a fraction of QD
probes without the need to purify the product before use. Also
the specic IgG molecules conjugated with QDs have to keep
the characteristics such as high specicity and affinity for
biomarkers to be detected. During the whole labeling procedure
their binding activity has to remain unaffected. Their func-
tionality was proven by a set of control methods based on
luminescence spectra measurements, and electrophoretic and
electrochemical analyses.
2. Materials and methods
2.1 Reagents and chemicals

Qdot® 565 ITK™ carboxyl quantum dots (CdSe/ZnS carboxyl
QDs) were purchased from Thermo Fisher Scientic (Waltham,
MA, USA). Magnetic particles SiMAG-carboxyl were from
Chemicell GmbH (1 mm in size; Berlin, Germany). Recombinant
human apolipoprotein E (ApoE) was obtained from BioVision
(CA, USA) and rabbit polyclonal anti-apolipoprotein E IgG
(polyclonal anti-ApoE IgGs) antibodies were the product of
Moravian Biotechnology (Brno, CZ). Precision Plus Protein™
Standards Unstained were supplied by Bio-Rad (Bio-Rad,
Hercules, CA, USA) and acrylamide, N,N,N0,N0-tetramethylethy-
lenediamine (TEMED), ethylenediaminetetraacetic acid (EDTA),
Tris(hydroxymethyl)aminomethane and N,N0-(1,2-dihydroxy-
ethylene)bisacrylamide were supplied by Sigma-Aldrich (St.
Louis, MO, USA). All other chemicals were of reagent grade and
supplied by Lach-Ner (Neratovice, Czech Republic) or Penta
(Chrudim, Czech Republic).
2.2 Instrumentation

A spectrouorimeter Jasco FP-8500, SAF-851 was purchased
from JASCO Inc. (Easton, MD, USA), electrophoresis equipment
and a ChemiDoc™ XRS+ Imaging System with Image Lab™
Soware were from Bio-Rad (Hercules, California, USA).

A diode laser, RLTMLL-405 Series was supplied by Roithner
Lasertechnik GmbH (Vienna, Austria) and it was connected
with a 405/10 nm laser clean-up lter MaxDiode™ provided by
Semrock (Rochester, USA). A microscope (objective: 40 � 0.65
NA) was obtained from Oriel. The long pass edge lter Edge-
Basic™ and a 607/70 nm band-pass lter BrightLine® were
products of Semrock (Rochester, USA). A photomultiplier tube
R647 was obtained from Hamamatsu (Iwata City, Japan). Silica
capillaries (75 mm i.d., 375 mm o.d.) were purchased from
Polymicro Technologies (Phoenix, AZ, USA) and CSW 1.6
soware was guaranteed from Data Apex Dobrichovice
(Dobrichovice, Czech Republic). A potentiostat/galvanostat
PalmSens2 with PSTrace soware was obtained from Palm-
Sens, the Netherlands, and screen-printed carbon electrodes
modied with mercury lms (MeSPCE) were obtained from
ItalSens, Italy.
This journal is © The Royal Society of Chemistry 2017
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2.3 Preparation of quantum dot-based anti-ApoE IgG
conjugates

(a) Biofunctionalization of the magnetic carrier. The
molecules of antigen ApoE were immobilized on the surface of
SiMAG-carboxyl magnetic microparticles using a standard two-
step carbodiimide/sulfo-NHS method. The particles (1 mg)
were washed ve times with 0.1MMES buffer (pH 5.0) andmixed
with 7.5 mg of EDC and 1.25 mg of sulfo-NHS (both in 500 mL of
0.1 M MES buffer). Aer 30 min incubation at room temperature
and washing twice with 0.1 M MES buffer, 25 mg of antigen ApoE
(amount appropriate for the formation of a monolayer) in 0.1 M
MES buffer (1mL) was added and incubated under gentlemixing
overnight at 4 �C. Aerwards, biofunctionalized particles were
washed two times with 0.1 M MES buffer and two times with
0.1 M phosphate buffer saline (pH 7.4) and transferred to 0.1
phosphate buffer (pH 7.3). The remaining active functional
groups of prewashed particles were blocked with 0.1 M etha-
nolamine in the presence of 0.1 M phosphate buffer pH (1 mL).
Aer 1 h incubation at room temperature, the biofunctionalized
particles were washed ten times with 0.1 phosphate buffer. The
SiMAG-carboxyl magnetic microparticles with ApoE were stored
in phosphate buffer, pH 7.3 with sodium azide.

(b) Conjugation of poly anti-ApoE IgGs with quantum dots.
Antibodies, polyclonal anti-ApoE IgGs (25 mg), were added to
biofunctionalized particles (0.5 mg) and incubated for 1.5 h
under gentle mixing in 0.1 M phosphate buffer (500 mL). Aer-
wards the particles with immunocomplexes on their surface
were washed three times with 0.1 M phosphate and 0.1 M
phosphate buffer with 0.2 M NaCl.

The particles with bound immunocomplexes ApoE–anti-
ApoE IgG (0.5 mg) were mixed with 0.5 mg of EDC and 0.083 mg
of sulfo-NHS (both in 500 mL of 0.1 M phosphate buffer). Aer
10 min incubation under gentle mixing at room temperature, 8
mL Qdot® 565 ITK™ carboxyl quantum dots (250 mM stock
solution) mixed with 0.1 M phosphate buffer (500 mL) were
added to the magnetic microparticles and incubated under
gentle mixing overnight at 4 �C. Aer incubation, the particles
were washed three times with 0.1 M phosphate and 0.1 M
phosphate buffer with 0.2 M NaCl. The washing fractions were
retained for subsequent analyses.

(c) Efficient elution of quantum dot-labeled polyclonal
anti-ApoE IgGs. The effective elution of labeled antibodies (poly
anti-ApoE IgGQD conjugate) was realized by using 0.05% tri-
uoroacetic acid (TFA) containing 0.5% SDS. As the last step,
the transfer of the nal conjugate from the elution medium to
0.1 M phosphate buffer pH 7.3 with the use of ultracentrifugal
lters (cut off 150 kDa) was performed.
Fig. 1 Schematic of the advanced conjugation protocol.
2.4 Luminescence spectra measurements

The luminescence signals of pure QDs, and fractions related to
the labeling protocol such as pure QDs, unbound QDs, washing
fractions and poly anti-ApoE IgGQDs conjugates were measured
by using a spectrouorimeter Jasco FP-8500 enabling one-drop
measurement unit analysis at 25 �C. Luminescence emission
spectra were recorded from 400 to 700 nm with excitation at
340 nm.
This journal is © The Royal Society of Chemistry 2017
2.5 SDS-PAGE and native TBE-PAGE

Denaturing SDS-PAGE in a standard arrangement (10% Tris–
glycine separating gel, 5% Tris–glycine focusing gel)29 was per-
formed mostly to control the purity and homogeneity of
prepared conjugates. Whereas slightly modied native TBE-
PAGE (15% Tris–borate separating gel, 5% Tris–borate
focusing gel, both with addition of EDTA)30 was performed in
order to monitor the quality and quantity of QDs (Fig. 1).
Electrophoretic separation was carried out under these condi-
tions: 0.1 M TBE buffer pH 8.3 running buffer, 180 V, 30 mA per
one gel, approximately 50 minutes. TBE gels with samples of
QDs were evaluated by UV illumination using Molecular
Imager® ChemiDoc™ XRS+ with Image Lab™ soware from
Bio-Rad (Bio-Rad, Hercules, California, USA). Soware Image J
was used for QD quantication.
2.6 CE-LIF analysis of poly anti-ApoE IgGQDs conjugates

QDs and anti-ApoE IgGQDs conjugates were analyzed by sepa-
ration in a laboratory-built CE-LIF system. Prior to each anal-
ysis, a 40 cm long (30 cm effective length) bare fused silica
capillary (75 mm i.d., 375 mm o.d.) was rinsed successively with
0.1 M NaOH, water and nally with the running buffer (50 mM
TRIS/TAPS, pH 8.6). The CE separation was driven by a Spell-
man CZE 1000R high power supply at a voltage of 10 kV. The
samples were introduced electrokinetically at 10 kV for 5 s. At
the positive voltage, the dominant mobility of electro-osmotic
ow (EOF) carried all negatively charged analytes to the
detector. A diode laser, RLTMLL-405 Series with a 405/10 nm
laser clean-up lter was used as the excitation source at 405 nm.
The uorescence emission was collected by using a microscope
objective (40 � 0.65 NA). A system of two lters including
a 405 nm long pass edge lter and a 607/70 nm band-pass lter
was used to block the 405 nm laser line and allow the maximum
Anal. Methods, 2017, 9, 1991–1997 | 1993
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intensity emission wavelength of QDs to enter the photo-
multiplier tube type R647 window. The detector signal was
recorded at a sampling rate of 25 Hz with a data acquisition and
evaluation system CSW 1.6. The value of EOF mobility was
determined using coumarin (1,2-benzopyrone) as the neutral
marker in all pH of background electrolytes used.
2.7 Electrochemical evaluation of anti-ApoE IgGQDs

conjugates

The conjugation efficiency was conrmed by square wave
anodic stripping voltammetry (SWASV). All tested samples were
mixed with 0.1 M HCl in a ratio of 10 : 40 mL (v/v) in the nal
volume of 50 mL and incubated for 3 minutes. Before sample
application, the surface of MeSPCE was electrochemically pre-
treated at a potential of �1 V for 300 s followed by subsequent
measurement of the blank (three times). In all cases, 0.1 M HCl
was used. In each measurement, the surface of the screen-
printed electrode was washed three times with 0.1 M HCl.
Detection conditions for sample measurement were as follows:
condition potential 0 V, condition time 0 s, deposition potential
�1 V, dep. time 120 s, potential range from �0.95 to �0.15 V,
frequency 20 Hz and amplitude 0.0285 V. The current response
at potential (�0.72 V) characteristic of Cd(II) ions released aer
acidic dissolution of CdSe/ZnS QDs was monitored.
Fig. 2 TBE-PAGE (15% polyacrylamide separation gel, 5% poly-
acrylamide focusing gel) analysis of commercial carboxyl QDs (Qdot®
565 ITK™ carboxyl quantum dots). Data were obtained by UV detec-
tion: (A) quality control – QDs artificially affected in terms of aggre-
gation and disintegration – (1) pure QDs without any modification, (2)
QDs with simulated aggregation and (3) QDs with simulated disinte-
gration. The tested concentration for all samples was 0.16 mM per well;
(B) calibration curve of commercial carboxyl QDs (0.115–0.01 mM), UV
detection and densitometric evaluation by Image J software.
3. Results and discussion

Our work was aimed at the development of a versatile and
highly efficient labeling protocol in order to prepare specic
immunoprobes based on the conjugation of IgG molecules with
Qdot® 565 ITK™ carboxyl quantum dots as an essential
element of bioassays with electrochemical sensing.

Our strategy for IgG molecule labelling is based on the
assumption which has been many times experimentally
conrmed. This method is called hydrogen/deuterium (H/D)
exchange for monitoring of biospecic interactions by mass
spectrometry.32,33 This method is used to localize the site of
a molecule interacting with a ligand. To briey summarize, the
polypeptide chain forming the binding site of the IgG molecule
is protected by ligand molecules (antigen) and H/D exchange
does not occur. So our strategy was to protect the binding sites
of specic antibodies by interactions with antigen molecules
and perform the labeling with QDs only on sterically accessible
parts of polypeptide chains.

According to our experience, the quality and stability of QDs
used for conjugation were decisive for the nal outcome of the
whole conjugation procedure. Native TBE-PAGE was modied
for separation and quality characterization of commercial QDs
(Fig. 2A). TBE-PAA gel electrophoresis was also suited for QD
quantication (Fig. 2B).

With the use of Qdot® 565 ITK™ carboxyl QDs we have
successfully designed and validated the three stages of the IgG
labeling approach which is schematically presented in Fig. 1.
The biofunctionalization of SiMAG-carboxyl magnetic micro-
particles with antigen ApoE molecules was the rst step, where
the particle surface was fully covered with antigens
1994 | Anal. Methods, 2017, 9, 1991–1997
corresponding to the specicity of antibodies to be labeled.
The suitable amount of antigen was calculated with respect
to the antigen molecular weight and the size of magnetic
particles utilized for the reaction. In that case, we applied the
following equation: S ¼ 6C/rSDd where S is the amount of
representative protein (with respect to the molecular weight)
required to achieve surface saturation (mg protein per g of
microspheres), rS is the density of the solid sphere (g cm�3),
d represents the mean particle diameter (mm) and C is the
capacity of the microsphere surface for a given protein (mg of
protein per m2 of sphere surface).31 For antigen binding, we
applied the carbodiimide-mediated crosslinking reaction where
EDC was combined with sulfo-NHS. We tested one- and two-
step immobilization protocols with overnight incubation in
both cases, whereas the two-step protocol with 30 min-long pre-
activation and application of 7.5 mg of EDC and 1.25 mg of
sulfo-NHS has been considered as more benecial, because of
better immobilization efficiency. To avoid nonspecic binding
and residual reactivity, an additional blocking step was added.
Ethanolamine as an intact molecule of low molecular weight
was used to block remaining activated carboxyl groups.
Different time intervals (30–180 min, 24 hours) and
This journal is © The Royal Society of Chemistry 2017
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concentrations (0.01–1 M) were tested. The 60 min blocking
time with 0.1 M ethanolamine was assumed as optimal.

Thus the ApoE biofunctionalized magnetic carrier was
incubated with specic IgG molecules to create stable immu-
nocomplexes with site-specic oriented IgG molecules. In the
case of antigens with molecular weights in the range of 25–40
kDa the double molar amount of antibodies added into the
binding mixture is the most efficient (data not shown).
Also different times (30, 60, 90, 120 minutes and overnight
incubation) required for the formation of specic immuno-
complexes have been tested. In the case of rabbit polyclonal
anti-ApoE IgG, the time of immunocomplex formation
90 min was evaluated as the sufficient time for maximal
coverage. To label the specic IgG molecules xed in immu-
nocomplexes on magnetic particles, EDC, sulfo-NHS and an
appropriate amount of carboxyl QDs was added. Incubation
was performed under gentle mixing (see 2.3 b). Finally, the
magnetic beads were repeatedly washed to remove all reagents
and free QDs.

The third phase of the protocol followed immediately. The
molecules of poly anti-ApoE IgGQDs conjugates had to be
released from the complexes with ApoE. Elution represents the
disruption of many non-covalent bonds between the specic
binding sites of IgG molecules and antigenic determinants of
complex antigen molecules. We tested various elution reagents
from the acidic and basic pH range (Table 1), and the time and
number of elution steps were also optimized. Elution reagents
were applied in three independent 15 minute-long intervals.
The most efficient elution reagent has been determined based
on spectrophotometric measurements of immunocomplexes
before and aer treatment with the elution reagent. The stan-
dard ELISA arrangement in a microtiter plate, with enzyme
horseradish peroxidase as the antibody label, was used. To
prove that the binding activity of antibodies is not affected by
the used elution reagent, eluted antibodies were repeatedly
Table 1 Summary of tested elution reagents with calculated elution
efficiency

Elution reagents
Efficiency
[%]

Acidic media
0.1 M acetic acid with 20 mM CaCl2 (pH 4) 41
0.1 M acetic acid with 0.2 M MgCl2 (pH 4) 36
1 M arginine–hydrochloride (pH 4) 37
0.5 M citrate (pH 4.3) 9
0.1 M glycine with 0.2 M NaCl (pH 2.6) 65
0.05% TFA with 0.5% SDS (pH 2.5) 76
0.05% TFA with 1% SDS (pH 2.5) 73

Alkaline media
0.1 M citrate with 0.1 M NaOH (pH 8) 73
0.1 M citrate with 0.1 M NaOH and 0.2 M MgCl2 (pH 7) 16
0.1 M glycine with 0.1 M NaOH and 0.2 M MgCl2 (pH 8) 12
1 M MgCl2 (pH 7.5) 14
0.1 M NH4OH (pH 11) 25
0.1 M NH4OH with 0.2 M MgCl2 (pH 11) 12
0.1 M triethanolamine (pH 9) 7

This journal is © The Royal Society of Chemistry 2017
used for immunocomplex formation (data not shown). Based
on our results, the acidic medium namely 0.05% TFA with 0.5%
SDS (pH 2.5) provided the strongest elution efficiency. Consid-
ering the very low pH the released conjugate was directly
transferred to 0.1 M phosphate buffer (pH 7.3).

Fluorescence spectra measurements (Fig. 4A) and poly-
acrylamide gel analyses (Fig. 3 and 4B) supplemented by CE-LIF
(Fig. 5) were chosen as fundamental methods for evaluating all
the reactive compounds, bioactive molecules entering the
reaction and also all the fractions obtained during the three
steps of the labeling protocol. Square wave anodic stripping
voltammetry (Fig. 6) was considered as the main conrmatory
technique for the assessment of the functionality of the
designed labeling protocol.

The luminescence emission spectra are shown in Fig. 4A.
The pure QDs, unbound QDs and poly anti-ApoE IgGQDs

conjugates provided detectable signals in contrast to washing
fractions, which did not contain any traces of QDs. The samples
were also loaded into the slab gel to perform TBE-PAGE
accompanied by UV detection (Fig. 4B). The results of the
Fig. 3 PAGE analysis (A) TBE-PAGE (15% polyacrylamide gel, UV
detection): (1) pure QDs (0.16 mM, Qdot® 565 nm ITK™), (2) poly anti-
ApoE IgGQDs conjugates (1 mg, home-made), (3) polyclonal anti-ApoE
IgG antibodies (1 mg), (4) poly anti-ApoE IgGQDs conjugates (1 mg,
prepared by SiteClick™ Qdot® 565 Antibody Labeling Kit); (B) SDS-
PAGE (10% polyacrylamide gel, silver staining): (MM) protein standard
(10–250 kDa), (1) pure QDs (0.16 mM, Qdot® 565 nm ITK™), (2)
polyclonal anti-ApoE IgGQDs conjugates (1 mg, home-made), (3)
polyclonal anti-ApoE IgG antibodies (1 mg), (4) polyclonal anti-ApoE
IgGQDs conjugates (1 mg, prepared by SiteClick™ Qdot® 565 Antibody
Labeling Kit).
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Fig. 5 CE-LIF analysis of pure QDs and poly anti-ApoE IgGQDs

conjugates: (1) mixture of pure QDs and poly anti-ApoE IgGQDs

conjugates, (2) poly anti-ApoE IgGQDs conjugates and (3) pure QDs
(Qdot® 565 ITK™ carboxyl quantum dots). Small peaks at 3.2 min
represent neutral EOF (coumarin).

Fig. 6 SWASV voltammogram: (1) pure QDs (Qdot® 565 ITK™
carboxyl quantum dots, c ¼ 128 nM), (2) unbound QDs, (3 and 4)
washing fractions and (5) poly anti-ApoEQDs IgG conjugates recorded
at MeSPCE in 0.1 M HCl.

Fig. 4 Quality evaluation of poly anti-ApoE IgGQDs conjugates: (A)
luminescence emission spectra: (1) pure QDs (Qdot® 565 ITK™
carboxyl quantum dots, c ¼ 128 nM), (2) unbound QDs and (3) poly
anti-ApoE IgGQDs conjugates; (B) TBE-PAGE (15% Tris–borate sepa-
rating gel and 5% Tris–borate focusing gel, both with addition of
EDTA): (1) pure QDs (Qdot® 565 ITK™ carboxyl quantum dots, c¼ 128
nM), (2) unbound QDs, (3–5) washing fractions and (6) poly anti-ApoE
IgGQDs conjugates.
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luminescence spectra and TBE-PAGE demonstrated the func-
tionality of the designed labeling procedure.

The quality and purity of poly anti-ApoE IgGQDs conjugates
were conrmed by the CE-LIF assay. Due to the different
1996 | Anal. Methods, 2017, 9, 1991–1997
electrophoretic mobilities of pure QDs and conjugates this
technique allowed us to conrm the high efficiency of the
labeling procedure and prove the absence of free QDs in the
conjugate fraction (Fig. 5).

Square wave anodic stripping voltammetry was another
conrmation technique for labeling efficiency assessment. The
current response at a potential of �0.72 V, characteristic of
CdSe/ZnS quantum dots, was obtained by the use of a dispos-
able miniaturized screen-printed three-electrode sensor with
a mercury lm modied carbon working electrode (MeSPCE)
(Fig. 6). The efficiency of the conjugation of quantum dots with
antibodies was calculated as the ratio of electrochemical
current responses of quantum dots of all fractions connected
with the performed labeling protocol. The difference of the
electrochemical current responses of the original sample (the
original fraction of quantum dots before conjugation), the
fraction of conjugates (antibodies conjugated with QDs) and the
sum of current responses of binding (fraction aer conjugation
– the rest of the unbound QDs) and washing fractions was
calculated with a resulting conjugation efficiency of 30%.

The quality of the poly anti-ApoE IgGQDs conjugate in terms
of its ability to target the antigen specically as well as further
optimization of reaction conditions was veried.34

4. Conclusions

Here we have designed and validated a three-stage conjugation
procedure to prepare QD-based immunoprobes for highly
sensitive biosensors combined with electrochemical detection.
This protocol fully exploited the benets provided by super-
paramagnetic microparticles, i.e., easy, rapid and quantitative
separation of the liquid phase with reagents from the solid
phase carrying the molecules of antigens, immunocomplexes or
bioconjugates. The conjugation strategy was based on tradi-
tional carbodiimide chemistry but combined with site-specic
immobilization of IgG molecules on the surface of antigen
biofunctionalized magnetic microparticles. The binding sites of
all IgG molecules to be labeled are protected by antigen mole-
cules just in immunocomplexes, and IgG affinity and specicity
This journal is © The Royal Society of Chemistry 2017
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remained unaffected during all steps of the covalent coupling
procedure. Another advantage of this labeling approach is the
purity of the nal product – the poly anti-ApoE IgGQDs conju-
gate. Since no contamination of the conjugate by free QDs was
observed, no additional separation step was needed. This
protocol for the efficient conjugation of IgG molecules with QDs
is suitable wherever there are high demands on quality and
purity of signal generating probes.
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Nanomater., 2009, 2009, 1–24.

7 A. M. Smith, S. Dave, S. Nie, L. True and X. Gao, Expert Rev.
Mol. Diagn., 2006, 6, 231–244.

8 Y. Xing, Q. Chaudry, C. Shen, K. Y. Kong, H. E. Zhau,
L. W. Chung, J. A. Petros, R. M. O'Regan, M. V. Yezhelyev,
J. W. Simons, M. D. Wang and S. Nie, Nat. Protoc., 2007, 2,
1152–1165.
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