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Bioconjugated lanthanide luminescent helicates as multilabels for
lab-on-a-chip detection of cancer biomarkersT
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The lanthanide binuclear helicate [Euy(L“%");] is coupled to avidin to yield a luminescent
bioconjugate EuB1 (Q = 9.3%, 1(°Dy) = 2.17 ms). MALDI/TOF mass spectrometry confirms the
covalent binding of the Eu chelate and UV-visible spectroscopy allows one to determine

a luminophore/protein ratio equal to 3.2. Bio-affinity assays involving the recognition of a mucin-like
protein expressed on human breast cancer MCF-7 cells by a biotinylated monoclonal antibody 5D10 to
which EuBl is attached via avidin-biotin coupling demonstrate that (i) avidin activity is little affected by
the coupling reaction and (ii) detection limits obtained by time-resolved (TR) luminescence with EuB1
and a commercial Eu-avidin conjugate are one order of magnitude lower than those of an organic
conjugate (FITC-streptavidin). In the second part of the paper, conditions for growing MCF-7 cells in
100-200 pm wide microchannels engraved in PDMS are established; we demonstrate that EuB1 can be
applied as effectively on this lab-on-a-chip device for the detection of tumour-associated antigens as on
MCEF-7 cells grown in normal culture vials. In order to exploit the versatility of the ligand used for self-
assembling [Ln,(L9:1);] helicates, which sensitizes the luminescence of both Eu" and Tb" ions,

a dual on-chip assay is proposed in which estrogen receptors (ERs) and human epidermal growth factor
receptors (Her2/neu) can be simultaneously detected on human breast cancer tissue sections. The Ln
helicates are coupled to two secondary antibodies: ERs are visualized by red-emitting EuB4 using goat
anti-mouse IgG and Her2/neu receptors by green-emitting ThB5 using goat anti-rabbit IgG. The fact
that the assay is more than 6 times faster and requires 5 times less reactants than conventional
immunohistochemical assays provides essential advantages over conventional immunohistochemistry

for future clinical biomarker detection.

Introduction

The last few years have witnessed the advent of novel, more
effective, targeted therapies for cancer treatment. As a conse-
quence, modern pathology labs are increasingly confronted with
the need to reliably and efficiently identify relevant therapy
targets on cancer tissues as well as other surrogate biomarkers.*
In order to respond to this demand, miniaturized bio-analytical
systems are being developed®® and applied for the detection of
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biomarkers in malignant tumours* and for the follow-up of
patients with ATDS.3 We have recently provided proof of concept
that lanthanide luminescent bioprobes (LLBs)*’ combined with
‘lab-on-a-chip’ microfluidics technology, allowed fast detection
of tumour biomarkers.® A commercially available europium
chelate was used for this first series of experiments. Over the past
three years, we have developed binuclear triple-stranded
lanthanide helicates,” which (i) self-assemble in water at physi-
ological pH and room temperature, (ii) have large thermody-
namic stability and kinetic inertness, (iii) possess appropriate
photophysical properties (quantum yields up to 20%, lifetimes in
the 2-2.5 ms range), (iv) are non-cytotoxic (ICsqg > 500 uM), and
(v) penetrate several cancerous and non-cancerous cell lines by
endocytosis, in order to localize in the endoplasmic reticulum
and (vi) allow subsequent imaging by time-resolved (TR) lumi-
nescence microscopy.'®"® The helicates which display the best
properties are [Ln,(L“%);] (Ln = Eu, Tb; see Scheme 1) and
a versatile method for the quantification of DNA fragments and
PCR products has been proposed based on the Eu chelate.'®
Since lanthanide double binding tags have definite advantages
over monometallic probes'”!® we have now developed a protocol
for the bioconjugation of [Ln,(L%);] by introducing a carbo-
xylic acid moiety at the end of the solubilizing
polyoxyethylene pendant, leading to [Ln,(L“*“%®),] (Ln = Eu,
Tb), and subsequently coupling the new helicates to avidin or
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Scheme 1 Ditopic hexadentate ligands for the assembly of binuclear
lanthanide helicates.

immunoglobulins. Thus we created lanthanide-containing bio-
conjugates serving as detection probes for immunocyto- and
immunohisto-chemical studies. In the first part of this paper, we
describe the synthesis and the photophysical and biochemical
properties of these bioconjugates and compare their efficiency for
the specific detection of MCF-7 cancerous cells to existing
commercially available lanthanide-based and organic lumines-
cent probes. In the second part, this methodology is transferred
to microfluidic devices which have the advantage of reduced
analysis time and reduced reactant volumes. Since conditions for
growing cells in microchannels differ from normal cultures,'® we
present an optimization of intervening parameters. Finally, we
take advantage of the versatility of the ligand H,L“*“%:"®_ which
sensitizes the luminescence of both Eu™ and Tb™, to develop
simultaneous, on-chip detection of two biomarkers on formalin-
fixed, paraffin-embedded human breast cancer tissues.

Methodology

We focus herein on the targeting of the human breast adeno-
carcinoma cell line MCF-7 and on biomarkers expressed by
breast carcinomas. We demonstrate that the proposed LLB-on-
chip technology reliably detects a mucin-like antigen expressed
on MCF-7 cells, as well as estrogen receptor (ER) and human
epidermal growth factor receptors 2 (Her2/neu) on formalin-fixed
breast cancer tissues. Depending on the targeted biomarker, two
types of analyses can be envisaged (Fig. 1). In the immunocy-
tochemical assay (Fig. 1, left panel), a biotinylated monoclonal
antibody 5D10 (5D10-B) recognizes its antigen on the cell
membrane and subsequently binds to the LLB via strong biotin-
avidin coupling (K = 10'* M).?° This helps to increase the signal-
to-noise ratio of the luminescence signal in a time-resolved mode.
The monoclonal antibody (mAb) 5D10 is one of various mAbs
that have been raised against the breast cancer cell line MCF-
7,222 which is known to express steroid receptors. 5D10 recog-
nizes a mucin-like antigen expressed on most invasive ductal
breast carcinomas.?® It has been used as a diagnostic tool** and
found to correlate with the DNA ploidy status of carcinoma
cells.?® Targeting the mucin-like antigen?® recognized by 5D10 as
a specific marker for MCF-7 cells represents therefore an ideal
model system for specific cell imaging with functionalized LLBs.
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Fig. 1 Schematic diagram of the polydimethylsiloxane (PDMS)-glass
microfluidic chips used for luminescent imaging of cancer cells seeded in
the microchannels (left) and of breast cancer tissues (right).

In the immunohistochemical assay (Fig. 1, right panel), the
luminescent lanthanide helicate is bioconjugated to an immu-
noglobulin, either a goat anti-mouse IgG polyclonal Ab or a goat
anti-rabbit IgG Ab. These species-specific secondary antibodies
react with either the primary mouse anti-human ER mAb or the
rabbit anti-human Her2/neu polyclonal Ab.

Various bioconjugation techniques have been reported to
generate LLBs?” and commercial labels are available.?**° The
labelling of a protein by a lanthanide chelate is generally achieved
by conjugation between the selected protein and the target agent
via a peptide bond and is well documented.?! In our case, the
terminal carboxylic function of H,L %" has to be activated,
i.e. the —OH group is transformed into an easily leaving group
prior to the reaction with the amine moiety.’"** A common
activation pathway is the formation of an N-hydroxysuccinimide
(NHS) or sulfo-hydroxysuccinimide (sulfo-NHS) ester.?’

Experimental
Starting materials and analytical procedures

Chemicals were purchased from Fluka A.G. and Aldrich and
used without further purification unless otherwise stated. Ligand
H,L€%:" was synthesized analogously to H,L® or, alterna-
tively, using a new strategic pathway which will be detailed
elsewhere.”> '"H NMR (400 MHz, H,O, NaOD 0.05M) ¢ (ppm):
7.45(d, J=29Hz 2 H, H,,), 7.26 (m, 2 H, H,,), 7.04 (m, 1 H,
H..), 4.23 (m, 2 H,-OCH;-), 3.96 (m, 3 H, -OCH,-and -CH,-),
3.92 (m, SH, -OCH,— and -NCH3), 3.77 (m, 2 H, -OCH>-), 3.69
(l’l’l, 2 H, 7OCH27). C44H42N6014' 1,1 HCIL. (found): C, 55.77
(55.74); H,4.92 (4.91); N, 9.52% (9.49%). The 2:3 complexes were
synthesized in situ by mixing stoichiometric quantities of
H,L€%:% and Ln(ClO3)4-xH>O (Ln = Eu, Tb; x = 2.5-4.5) in
water at room temperature; the self-assembly process is fast, does
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Table 1 Absorption and excitation wavelengths (nm), as well as pho-
tophysical data of the Eu helicate and its avidin conjugate EuB1in 0.01 M
PBS aqueous solution at pH 7.4 and at room temperature. Molar
absorption coefficients (M~'cm™') are given between parentheses

Complex Absorption Excitation Qf,/%  t/ms

[Euy(LEACO:),] 244 (92 400), 318 322
(80 100), 344 (57 900)
248 (104 400), 324.5 320
(81 400), 342 (62 700)

15+£2 245+£0.04

EuBl1 9.3+0.9 2.17 £ 0.01

not necessitate heating or pH adjustment. The lanthanide salts
were prepared from their oxides (Rhone-Poulenc, 99.99%) in the
usual way.?* Concentration of the solution was determined by
complexometric titrations with a standardized Na,H,EDTA
solution in urotropine-buffered medium and with xylenol orange
as indicator.>* The Eu-W8044 complex (see ESIT) was obtained
from Wallac Oy Turku and used without further purification. It
is commercially available from PerkinElmer (product AD0020,
Lance Eu-W8044-DTA).

MALDI-TOF analyses were carried out on an Axima CFR-
Plus instrument (Shimadzu Biotech) equipped with a 337 nm
nitrogen laser and operated in positive linear mode. The matrix
solutions were prepared with sinapinic acid (20 mg/mL) in
CH;3;CN-H,0-TFA 50:49.9:0.1. For sample preparation, 0.5 mL
of the protein solution (0.14 mg/mL) was deposited on the target
spot, covered with 0.5 mL of matrix solution and allowed to dry
in air. External calibration was carried out with a mixture of
standard proteins in the 5-65 kDa mass range. Data interpre-
tation was performed using the Kompact v2.4.3 software. UV-
visible spectra were measured in 0.2 cm quartz Suprasil® cuvettes
on a PerkinElmer Lambda-900 spectrometer (Table 1). Lumi-
nescent spectra and lifetimes were collected on a Horiba-Jobin
Yvon Fluorolog FL-3-22 fluorimeter using 0.2 cm quartz
Suprasil® cuvettes. All spectra were corrected for the experi-
mental function. Quantum yields were measured by an absolute
method using an integration sphere®® and they are given as
averages of three independent measurements (Table 1).

Synthesis of the bioconjugated helicates (Scheme 2)

EuB1 - Avidin labelled with the Eu helicate. Ten equivalents of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 760
nmol) and 1-hydroxy-2-nitrobenzene-4-sulfonic acid, (HNSA
760 nmol, synthesized according to a literature procedure)*® were
added to a solution of [Eu,(L€%:M);] (76 nmol) in dry DMF
(100 pL). After stirring for 15 min at room temperature and
under N, the solvent was removed under vacuum. A solution of
avidin (A9275, Sigma; 7.6 nmol in 200 L of 0.1 M PBS + 0.5 M
NaCl, pH 8.2) was then continuously added to the activated
species and stirred for further 2h at rt. Finally, the reaction was
quenched by addition of EtNH,-HCI (760 nmol). Purification of
the bioconjugated Eu™ complex was performed by cation
exchange chromatography with an S-Uno column from Bio-Rad
connected to a Biological DuoFlow chromatographic system.
The S-Uno column contains a bed support derivatised with
sulfonic groups (—SO37) and Na™ as counter ions. Protein elution
was achieved by a NaCl gradient (0—1 M) in PBS buffer (pH 7.4)
at a flow rate of 1 mL/min. A multi-wavelength absorbance

EHZ(LCZ(CO2H))3 ;._ Euz(LCZ(CONSA))3_X(LC2(C02H))x

Activated helicate

ii =
Eu2(LCZ(('.?OI\Iavu‘lm))(3

—_—

) (LC2(CONEt3))X(LCZ(COZH))y

EuB1

Scheme 2 Synthesis of the Eu-labelled avidin conjugate. Synthesis and
conditions: (i) EDC, HNSA, DMF 4,y), Ny, rt (15 min). (ii) (a) Avidin, 0.1
M in PBS + 0.5 M NaCl, pH 8.2, rt (2 h); (b) EtNH,-HCI (10-15 min).

detector with A = 280 and 320 nm was used to monitor the
protein elution. The luminophore/protein ratio calculated by
UV-spectroscopy (see text) amounts to L/P = 3.2.

EuB2 — Avidin labelled with the Eu-W8044 complex. Avidin
labelled with the Eu-W8044 complex was prepared according to
the protocol by Mukkala et al.*” The chelate:avidin ratio was
determined by a DELFIA assay according to the manufacturer
specifications (DELFIA® Inducer and DELFIA® enhancer,
PerkinElmer, Wallac Oy, Turku, Finland) and found to be 1.8.

FiB3 - Streptavidin-fluorescein isothiocyanate (FITC) conju-
gate. (Invitrogen, SA100-02, streptavicin/FITC ratio between 3
and 4.)

EuB4 — Goat anti-mouse IgG antibody labelled with the Eu
helicate. The bioconjugate was synthesized as EuBl from 38
nmol of [Euy(L“°:M);], 380 nmol of HNSA and EDC and 16
nmol of goat anti-mouse IgG Ab (M8645, Sigma) 300 uL of 0.1
M PBS + 0.5 M NaCl; the reaction was quenched by 380 nmol of
EtNH,-HCI. Purification of EuB4 was performed using size
extrusion chromatography with a Superdex 200 10/300 GL
column from GE Healthcare and the same chromatograph as
above. Protein elution was performed with 0.15 M NaCl in 0.01
M PBS buffer (pH 7.5) at a flow rate of 0.4 mL/min. An multi-
wavelength absorbance detector with 2 = 280 and 320 nm
coupled to a fluorescence detector (Shimadzu RF-10AxL; Aexc
320 nm, A,y 615 nm) was used to monitor the protein elution.
The L/P ratio calculated by UV-spectroscopy following the same
route as in the case of EuB1 gave a value of 3.2.

TbB5 — Goat anti-rabbit IgG antibody labelled with the Tb
helicate. This bioconjugate was synthesized and purified as EuB4,
except that the goat anti-mouse IgG Ab was replaced by goat
anti-rabbit IgG Ab (R4880, Sigma) and that the excitation and
emission wavelengths were fixed at 320 nm and 543 nm respec-
tively. The L/P ratio calculated by UV-spectroscopy gave a value
of 2.0.

SDS-PAGE electrophoresis

SDS-PAGE electrophoresis was performed using the Mini-
PROTEAN® 3 system. Samples and the kaleidoscope pre-stained
standards were solubilized in sample buffer (50 mM Tris-HCI pH
6.8, 10% SDS, 2.5% 2-mercaptoethanol, 10% glycerol) and
analyzed in 15% polyacrylamide gels using a 5% stacking gel.
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Staining solution: Coomassie Blue (0.25%) in isopropanol-
glacial acetic acid—water (25:10:65); de-staining solution: 7%
glacial acetic acid in water. After electrophoresis, pre- and post-
stained gels were visualized with a Gene Genius Bio Imaging
System using a UV-trans-illuminator and upper white light.

Cell lines and culture

The human breast adenocarcinoma cell line MCF-7 (ATCC
HTB-22) and the human cervical adenocarcinoma cell line HeLa
(ATCC CCL-2) were cultivated in 75 cm? culture flasks using
RPMI 1640 (Sigma, R8758, UK) supplemented with 5% fetal calf
serum (FCS), 2 mM L-glutamine, 1 mM sodium pyruvate, 1%
non-essential amino-acids, 1% 4-(2-hydroxyethyl)-monosodium
salt (HEPES) (all from Gibco® Cell Culture, Invitrogen, Basel,
Switzerland). Cultures were maintained at 37 °C under 5% CO,.
The growth medium was changed every other day until the time
of the experiments. Cell density and viability, defined as the ratio
of the number of viable cells over the total number of cells, of the
cultures were determined using trypan blue staining and a Neu-
bauer improved hemacytometer (Blau Brand, Wertheim, Ger-
many).

ELISAs

Biotin-binding ELISA. A streptavidin-coated 96-well plate
(NUNC 430615) was washed three times with PBST and 100 uLL
of the appropriate dilutions of the biotin-conjugated rabbit anti-
streptavidin antibody (100-4195, Rockland Immunochemicals)
(50, 10, 5,2,1,0.7,0.5,0.2,0.01, 0.005, 0.001 pg/mL) in blocking
buffer (1% casein hydrolysate, 1% Tween-20 in PBS) were added
to the wells, followed by 1 h of incubation at rt with 400 rpm
shaking. After three washes with PBST (PBS + 0.5% Tween-20),
100 pL of blocking buffer were added and incubation was
continued for 30 min at rt and 400 rpm shaking. Subsequently to
three more washings with PBST, 100 uL of detection probe (1 pg/
mL, EuB1, EuB2, or FiB3) were deposited in each well and
incubated for 1 h at rt and 400 rpm shaking. Finally, after four
washings with PBST, the detection probe was detected with the
Victor 3 multi-label counter from PerkinElmer (Ao = 340 nm,
Aem = 615 nm, 0.4 ms delay time, 0.4 ms counting time, 1 ms
cycling time) in the case of EuBl and EuB2. For FiB3 the
following conditions were used: 485 nm CW-lamp filter, 535 nm
emission filter, and 1 s counting time. The detection limit was
taken as DL = (3SD x ¢)/({. — Iy) where SD is the standard
deviation, ¢ the first concentration giving a detectable signal, .
the emission intensity observed at concentration ¢, and I, the
background intensity. The signal/noise ratio was calculated as
(Lmax — To)/ 1o, where I, is the maximum emitted intensity.

Cell-based ELISA. MCF-7 and HeLa cells were seeded in a 96-
well cell culture plate and incubated overnight at 37 °C/5% CO,.
After washing the plates three times with PBS, the cells were fixed
with 100 uL of 0.4% glutaraldehyde in PBS (10 min at rt, 400 rpm
shaking) and washed again three times with PBST. Then, 100 uL.
of 0.1 M glycine, were added to each well and incubation was
continued for 15 min at rt and 400 rpm shaking. After three
washings with PBST, 100 pL of blocking buffer were added and
incubated for another 30 min at rt. Subsequent to three more

washings with PBST, 100 uL of biotin-conjugated SD10 (10 pg/
mL), or 100 pL of biotinylated anti-mycoplasma monoclonal
antibody (o-myco-B, non-specific mAb for negative control,
11296744 from Roche), or no mAb for another negative control,
were deposited in the wells for the MCF-7 cell line and 100 pL of
SD10-B (10 pg/mL) for HeLa cells. They were further incubated
for 1 h at rt and 400 rpm shaking. Finally, after three more
washings with PBST, 100 pL of the detection probes, EuB1,
EuB2, or FiB3 (5 pg/mL) were added, incubated for 30 min at rt,
and detected with the Victor 3 multi-label counter. Signal/refer-
ence ratio S/R = I/Is, where I, is the intensity maximum for
each detection antibody incubated in MCF-7 cell with 5SD10-B
and Ig the intensity maximum for the corresponding detection
probe incubated in MCF-7 cell with a-myco-B.

Immunoluminescence

MCF-7 and HeLa cells were grown on an 8-well p-slide (from
ibidi, Basel) for 12 h and after washing the slide four times with
PBS, the cells were fixed with 0.4% glutaraldehyde for 10 min at
rt. They were subsequently washed four times with PBST and
treated with 100 pL of blocking buffer for 30 min at rt. The
primary antibodies, 5SD10-B (10 pg/mL), or a-myco-B, or no
mADb for the MCF-7 cells and 5D10-B (10 pg/mL) for HeLa cells,
were added to the wells. There were incubated for 1 h at rt. After
further washings with PBST (4x), the detection conjugates,
EuB1, EuB2, or FiB3 (5 pg/mL), were added to each well and
incubated for an additional 1 h at rt. Finally, the slides were
washed 4x with PBST and immunoluminescence was measured
with a home-modified time-resolved luminescence setup Signifier
from Wallac Oy equipped with a Nikon Eclipse 600 microscope
and an ORCA-ER CCD camera (Hamamatsu). The following
measuring conditions were used for Eu detection: A, = 340 nm
(bandpass filter, BP = 70 nm); A, = 420 nm (longpass LP filter);
excitation pulse length, 10 ps; delay time, 100 us; gate time, 600
us; exposure time, 60 s. Fluorescence of FiB3 was collected with
conventional fluorescence microscopy: Aexe = 480 nm (BP filter,
30 nm); Aexe = 530 nm (BP filter, 30 nm); exposure time: 10 s.

Statistical comparison between the time-resolved luminescent
Ln-based and FITC-based detection has been performed as
follows: three luminescence/fluorescence images were taken — on
different locations of the microslide — and the luminescence/
fluorescence intensity of 5 cells/image was calculated using the
program AxioVision Rel. 4.5 (Zeiss). The average recorded
luminescence/fluorescence intensity was calculated and
compared.

Microfluidic devices

Microfluidic channels in PDMS were realized by a replica
moulding technique.® The master structure was made by
generating 200 um wide microfluidic channel patterns in a 100
pm thick SU8 photoresist layer using conventional photoli-
thography. A 10:1 mixture of PDMS pre-polymer and curing
agent was cast over the master and then cured at 70 °C for 4 h.
Then the cured PDMS replica was peeled-off from the mould and
access holes of 0.5 mm diameter for the inlet and outlet tube
connections were made by piercing the replica using a blunt
needle. The PDMS replica and a glass slide were subjected to air
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plasma (500 W, 4 mbar) for 20 s and then immediately brought
into contact, resulting in permanent bonding. For the breast
cancer tissue chips, a tissue section was deposited on a glass
substrate, after which the PDMS replicated structure was
mechanically clamped to seal the channel.

Immunocytochemical assay

Prior to cell loading, microchannels were exposed to UV light for
10 min, in order to prevent bacterial contamination, and were
then incubated with 80 pg/mL fibronectin (FN, F1141, Sigma)
for 15 min at rt. After washing the coated microchannels with 20
pL of PBS, the appropriate cell solutions were pumped through
the microchannels and the device was incubated overnight at 37
°C under 5% CO,. To perform the immunoassay, channels were
charged with the required solutions at a flow rate of 50 nL/s and
a volume of 2 x 4 pL. The cells grown in the microchannels were
fixed with 2% glutaraldehyde for 5 min at rt. After washing with
PBS, the microchannels were blocked for 5 min at rt with
blocking buffer and incubated with the primary antibody (5D10-
B) diluted in blocking buffer (0.5-100 pg/mL) at rt for 5 min. The
microchannels were washed with PBST and incubated with 50
ug/mL EuB1, EuB2, or FiB3 diluted in blocking buffer. Finally,
the microchannels were washed with PBST and immunostaining
was evaluated with luminescence microscopy — see the protocol
‘Immunoluminescence’ above.

Immunohistochemical assay

Sections (4 um thick) of breast carcinomas were obtained from
paraffin blocks of formalin-fixed tumour tissues archived in the
routine diagnostic laboratory of the Institute of Pathology. All
carcinomas were evaluated for hormone receptor and Her2/neu
expression by the pathologist involved in this study and sections
mounted on Superfrost® gold slides transferred to the LCSL
laboratory in a linked-anonymized, coded fashion according to
standard procedures.* The tissues were de-waxed in 100% xylene
(10 min) and then rapidly rehydrated successively in 100%, 95%,
70%, and 40% ethanol. After heat-induced antigen retrieval in
sodium citrate buffer (51700, DAKO) using a water bath (95-99
°C, 30 min), the sections were transferred onto the lab-on-a-chip
device. The tissues were washed with Tris-HCI buffer pH 7.6
(TBS) and incubated with the primary antibody (non-diluted
anti-human ER mouse mAb (RTU-ER-6F11, Novocastra Lab.
Ltd.) and a 1/400 dilution of the polyclonal rabbit anti-human c-
erbB-2 (Her2/neu) oncoprotein Ab (A 0485, DAKO)) at rt for 8
min. After washing with TBS, the above-described mixture of the
two secondary antibodies was added at rt for 8 min: for ER
detection, 20 pg/mL EuB4-labelled goat anti-mouse IgG anti-
body was applied and for Her2/neu detection, we used 20 pg/mL
TbB5-labelled goat anti-rabbit IgG antibody. Finally, tissue
sections were washed with TBS before TR immunoluminescence
detection. The following measurement conditions were used for
multiplex detection: EuB4, excitation: 340 nm (BP 70 nm);
emission: LP 590 nm; for TbBS: excitation: 340 nm (BP 70 nm);
emission: 545 nm (BP 35 nm), other conditions were as described
above.

Results and discussion
Synthesis and characterization of Eu-labelled avidin

As an initial attempt to conjugate the binuclear lanthanide hel-
icates to avidin, the cross-linker sulfo-NHS and the dehydrating
agent EDC were used to activate the carboxylate groups of
[Eu,(LC€9:M),].27 The reaction was performed in aqueous solu-
tion, using helicate—sulfo-NHS-EDC ratios ranging from 1:6:6
to 1:200:200, reaction times ranging from 15 min to 24 h and pH
from 5.6 to 8.2. In each case, however, the coupling yield was
found to be too low under any of the tested conditions, so that we
turned to water-soluble 1-hydroxy-2-nitrobenzene-4-sulfonic
acid (HNSA) as cross-linker agent (Scheme 2).4

HNSA-ester derivatives absorb below 300 nm whereas HNSA
dianions, which are released upon nucleophilic reactions, give
a characteristic absorption band at 406 nm, which allows easy
monitoring of the conjugation reaction. The successful bio-
conjugation process involved two steps. First, the carboxylic acid
functions of [Eu,(L€%:M),] were activated with a 10-fold molar
excess of HNSA/EDC during 15 min in dry DMF. Second, the
protein dissolved in PBS buffer (pH 8.2) was added to the acti-
vated helicate after solvent removal and the evolution of the
reaction was monitored by UV-spectroscopy, see Fig. S2 (ESIT).
Quenching of the reaction by ethylamine hydrochloride yielded
the desired luminescent conjugate EuB1 which presents a statis-
tical repartition of its six arms fitted either with a carboxylate, or
with carboxamides (-CONEt or —CONavidin moieties). The
coupling conditions were optimized with respect to pH, reaction
time, reagent ratios, and reproducibility (see Table S1, ESI¥).
The yield of the activation step and the targeting ability of the
activated helicate are the two factors that need to be optimized in
order to have the most favourable number of targeting species at
the surface of avidin. The best result regarding the average
number of helicates conjugated to avidin fragments, the so-called
luminophore/protein ratio (L/P) for EuB1 was achieved with
a 10-fold molar excess of the activated helicate at pH 8.2. A
considerable improvement of the L/P ratio, from ca. 0.15 to ca.
3.2, was obtained by reducing the activation time from 12 h to 15
min and the coupling time from 48 h to 2 h. Such an increase in L/
P can be explained by the ongoing competition between hydro-
lysis of the activated HNSA-ester and its conjugation to avidin.
Moreover, the folding of avidin is pH dependent*! and at pH > 8§,
the lysine amino groups are deprotonated and might be oriented
toward the avidin surface due to the electrostatic repulsion with
the lipophilic part of the avidin. As a result, high pH values allow
lysine residues to react easily and cleanly with the activated
helicate. Further investigation of the reaction conditions showed
that the ratio of the reagents also seemed to affect the evolution
of the experiment, see Table S1 (ESIt). Thus, a 10-fold molar
excess of the activated helicate was found to be the most suitable
avidin-to-activated helicate ratio. In fact, it seems to be reason-
able to use a 10-fold molar excess of targeting agent considering
that avidin bears 36 lysine residues susceptible to react with the
activated europium helicate, and, as stated before, a high degree
of avidin labelling could negatively affect the biological activity
of the protein.

Purification of the bioconjugated europium complex EuB1 was
performed by cation exchange chromatography (Fig. S3, ESI+).
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Fig. 2 (a) SDS-PAGE gel under luminescence detection, and (b) same
gel revealed by staining with Coomassie Blue. Neat avidin (1), pre-stained
standard (2), EuB1 (3).
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Fig.3 Superposition of the MALDI-TOF mass spectra between 45 kDa
and 75 kDa of avidin (patterned spectrum) and EuBl1 (plain spectrum).

Two well-differentiated peaks were obtained, at retention times
of approx. 5 and 10 min. The first peak corresponds to the
unreacted helicate and HNSA, and the second peak to the
coupled product. Further identification of EuB1 involved protein
electrophoresis (SDS-PAGE) performed in parallel with native
avidin and a pre-stained internal standard. Upon UV illumina-
tion (Fig. 2a), two luminescent bands appeared for EuB1, which
were not observed in the case of the native avidin sample.
Staining the gel with Coomassie Blue revealed that the lumi-
nescent bands belong to molecules with a molecular weight of ca.
Y» avidin and % avidin (Fig. 2b). This implies that tetrameric
avidin is split into its subunits during the procedure and that Eu
chelates are indeed attached to the fragments of the protein,
probably in a random way. If the helicate were only absorbed on
the surface of avidin, i.e. by electrostatic forces, it would have
been eluted completely from the SDS-PAGE gel. These results
are also consistent with a lack of cross-linking of the helicate with
two lysine residues belonging to two different subunits.

More insight into the products obtained upon bioconjugation
was revealed by MALDI-TOF mass spectrometry. For free
avidin, four peaks were observed at m/z 62.7,47.2, 31.5 and 15.7
kDa. These molecular masses correspond to avidin fragments
bearing 4, 3, 2, and 1 subunit(s), respectively, dissociation being

induced by laser irradiation.** As expected, all these peaks were
shifted towards higher molecular weight after conjugation with
the europium helicate (MW 2.9 kDa per complex), as expected.
This is exemplified in Fig. 3 which displays two bands corre-
sponding to either a 3-unit fragment coupled to one helicate or to
un-fragmented avidin coupled to two helicates. However, no
conclusion can be drawn with respect to the labelling efficiency
because of the micro-heterogeneity caused by the glycosylation
of the avidin polypeptide chains*® as well as a possible dissocia-
tion of the luminescent probe upon laser irradiation.

For this reason, we used UV-visible spectroscopy to reliably
calculate the L/P ratio.** Concentration of the helicate was
determined by measuring its absorbance at 320 nm, while the
(conjugated) avidin concentration was calculated from its
absorption at 280 nm after allowing a correction for the helicate
absorption at this wavelength (see Fig. S4, ESIt). In the case of
EuBl1, L/P was found to be 3.2. Since we used a helicate-to-avidin
ratio of 10, the yield of the conjugation reaction is 32%. We have
not found comparable data in the literature, but this yield is
similar to the one found by Charbonniére and co-workers* for
the labelling of bovine serum albumin (BSA) with activated
lanthanide complexes (25%). With such an L/P value, the protein
activity is not affected, as subsequently demonstrated by bio-
affinity assays (see below).

Luminescence properties of the conjugate EuB1

The functionalized europium complex [Eu,(L“*“%:");] presents
a main broad absorption band at 318 nm with a large molar
absorption coefficient (log &34 = 4.91), as well as two shoulders
located at 244 and 344 nm (Table 1), similar to the spectrum
reported for the parent europium helicate [Eu,(L?)3] (322, 246,
340 nm)."? In the case of the bioconjugate EuB1, the main
absorption band is red shifted by about 6 nm, at 324.5 nm, but
the overall shape of the spectrum remains the same. Upon exci-
tation at 320 nm, EuB1 emits the characteristic sharp Eu™ lines
assigned to the *D, — ’F; transitions (J = 0-5), as shown in
Fig. 4 in which the excitation spectrum matches the absorption
spectrum. The latter fact demonstrates the sensitization of Eu™
luminescence by the benzimidazolepyridine core of the ligands. It
is noteworthy that no ligand phosphorescence is recorded.

A previous study of Eu™ tris complexes with dipicolinic acid
derivatives has demonstrated that terminal substituents of poly-
oxyethylene pendants grafted on the pyridine 4-position have

300 400 500 600 700

Fig. 4 Excitation (—), absorption (---), and emission spectra of EuBl
2 x 107° M at 295 K in 0.01 M PBS aqueous solution, pH 7.4.
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little influence on the coordination sphere and the overall shape
of the luminescence spectra. Only a fine tuning of the quantum
yield was observed,*’ similar to what is observed here. Indeed, the
emission spectrum of EuBl1 (see details in Tables S2 and S3 in the
ESIf) may be interpreted as arising from a main species with
a pseudo D3 symmetry as observed for the parent helicate
[Eu,y(L)3]."* The luminescence decays of both [Eu,y(LC%:1),]
and EuBl are single exponential functions corresponding to
lifetimes of 2.45 ms and 2.17 ms, respectively, that is an insig-
nificant decrease for the EuB1 conjugate. On the other hand, the
quantum yields decrease from 21% for [Euy(L%);]" to 15% for
[Eu,y(LCC9:M),], and 9.3% for EuBl. Since the lifetime is rela-
tively unaffected by the conjugation, the drop in quantum yield
reflects a less efficient energy transfer, probably due to de-
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Fig. 5 Absolute emission intensity of EuB1 (A), EuB2 () and FiB3
() as a function of the biotinylated rabbit anti-streptavidin (-SA-B)
antibody concentration.
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activation of the ligand states by interaction with the protein
functionalities. In view of the large absorption coefficient at the
excitation wavelength, the overall efficiency of the luminescent
conjugate, ¢ x Q = 7560 M~! cm™!, remains, however, large
enough to provide sufficient detection limit for the purpose of
this investigation.

Bio-affinity test and cell imaging

Bio-affinity assays were used to assess the recognition of an
antigen by its monoclonal antibody mAb, visualized by a biotin-
avidin specific interaction.?**¢ Two other luminescent conjugates
were used in parallel with EuB1 in order to compare its efficiency:
Eu-W8044-labelled avidin (EuB2, see ESIt) and the organic
conjugate streptavidin-FITC (FiB3). The first immunoassay was
performed using a streptavidin-coated 96-well plate and
increasing concentrations of biotinylated rabbit anti-streptavidin
ADb (2-SA-B) as primary antibody. Time-resolved detection of
the probe luminescence showed that the signal/noise (S/N) ratio
for EuBl relative to EuB2 and FiB3 was 1.2 and 121, respectively.
The lowest concentration of a-SA-B giving a detectable signal is
2.5 ng/mL with EuB1, 1 ng/mL with EuB2, and 34 ng/mL in the
case of FiB3 (Fig. 5). Thus, bioconjugation of the helicate to
avidin in EuB1 does not affect substantially the biological
properties of the protein. Furthermore, whereas EuB1 has
a similar detection limit and signal/noise ratio as EuB2, the
lanthanide probes display much better detection properties than
the organic conjugate FiB3.

In view of these results, indirect immunocytochemistry assays
were performed to test the selectivity of EuB1 in comparison with
EuB2 and FiB3, using biotinylated 5SD10 mAb (5D10-B) as
primary antibody. The breast cancer cell line MCF-7 was chosen

% MCF-7
\\ 5010 FiB3
§ S/R=1.9
N
.
\
-
\ MCF-7 MCF-7
§ a-myco 5D10
% e Hela
|
sRetn |

1

T

Fig.6 Luminescence intensity of EuB1, EuB2, and FiB3 detection probes as a function of the primary antibody (5D10 vs. a-myco as irrelevant Ab vs. no
Ab) and the cell line. Top: immunoluminescence; bottom: statistical analysis of luminescence microscopy images.
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since this cell line expresses the mucin-like protein®® recognizable
by 5D10-B. The specificity of the experiment was monitored with
HelLa cells which do not express the antigen recognized by 5D10
and by using the non-specific biotinylated anti-mycoplasma mAb
(a-myco-B), see Fig. 6. The three bioprobes displayed selectivity
towards MCF-7 cells incubated with 5D10-B. The signal-to-
reference (S/R) ratio of each probe was calculated taking the
emission intensity from MCF-7/a-myco-B as background value.
S/R ratios for EuB1 and EuB2 are comparable (5.8 and 6.8 for
EuB1 and EuB2, respectively) and significantly higher than those
for FiB3 (1.9). In view of the promising results observed for
EuB1, TR luminescence microscopy images were then recorded
using exactly the same experimental conditions (Fig. S5, ESI{).

As expected from the immunoluminescence results, statistical
analysis of the TR luminescence intensity showed a better S/R for
the Eu™ bioprobes (2.2 and 2.1 for EuB1 and EuB2, respectively)
compared to FiB3 measured in conventional mode (1.1), see
Fig. 6.

Cell culture in microchannels

Prior to cell loading, the microfluidic channels were coated with
a cell adhesion protein, poly-L-lysine (PLL) or a major integrin
ligand, fibronectin (FN),*” as the PDMS and glass-based
microfluidic device does not provide good adhesion conditions
for epithelial cells. The choice of the coated cell-adhesion-protein

Fig.7 Bright field images of HeLa (upper row) and MCF-7 (lower row) cells seeded during 24 h in (a) uncoated, (b) PLL-coated or (c) FN-coated 200

um wide microchannels.
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Fig. 8 MCF-7 and HeLa epithelial cell adhesion study in a microchannel. The average number of cells are counted in an area of 2.5 mm? of the
microchannel as a function of (a) FN concentration (FN coating = 2 h, cell seeding time = 8 h, cell density = 1 x 10° cells/mL), (b) FN coating time,
([FN] = 80 pg/mL, same cell seeding time and cell density as for part (a)), (c) cell seeding time ([FN] = 80 ug/mL, FN coating time = 15 min, cell density
=1 x 10° cells/mL), and (d) the cell seeding density ((FN] and FN coating time as in part (c)), seeding time = 8 h.
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depends on the cell type: MCF-7 cells seeded in FN- and PLL-
coated microchannels did adhere and grow in an epithelial
monolayer, while this was not the case for uncoated channels; on
the other hand, HeLa cells grew into an epithelial monolayer
only in FN-coated microchannels (Fig. 7).

The experimental conditions for cultivating cells in the
microchannels have been carefully optimized. Firstly, with
respect to the concentration of fibronectin (FN): the number of
adherent cells (NAD) was found to depend linearly on the FN
concentration up to ca. 60 pg/mL and then to level off (Fig. 8a).
Based on these pilot experiments, a concentration of 80 pg/mL
was chosen for further experiments. Secondly, the coating time of
FN was set to 15 min since the NAD was found not to increase
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Fig. 9 On-chip immunocytochemical detection of the mucin-like protein
expressed on MCF-7 cells using the monoclonal antibody 5D10. Relative

luminescent intensity as a function of 5SD10-B concentration using EuB1
(@), EuB2 (A) or FiB3 (W) as secondary detection probe.

with longer coating times (Fig. 8b). Thirdly, the optimal cell
seeding time was determined, by injecting a cell solution (1 x 10°
cells/fmL) into the microchannel and incubating it for times
ranging from 0.5 h to 6 h, before excess non-adherent cells were
washed out with a phosphate buffer saline (PBS) solution at
a flow rate of 100 nL/s. An increase in NAD with increasing cell
incubation periods was observed (Fig. 8c). After 0.5 h, MCF-7
cells began to adhere to the surface of the FN-coated channel and
then cells spread: many pseudo-pods were formed, the cell fringes
enlarged and their area increased. Compared to MCF-7 cells,
HelLa cells grew faster and began to adhere and spread as early as
15 min after seeding. After 2 h, increasing the seeding time did
not result in increased cell adhesion, but the cells did not have the
right morphology, namely an epithelial monolayer, for incuba-
tion times of <4 h. Therefore, for all subsequent experiments,
a cell seeding time larger than 8 h was adopted, which results in
an epithelial monolayer for all cell lines used in this study.
Finally, cell seeding density was also examined (Fig. 8d) since
highly concentrated solutions of cells can potentially over-
populate and hence prevent proper cell attachment onto the walls
of the microchannels. A concentration of 2 x 10° cellsymL
provided an adequate number of cells without leading to multi-
layer growth.

Immunocytochemical detection of cells in microchannels

To compare our method with standard immunocytochemistry
assays, experiments were performed with increasing concentra-
tions of the primary 5D10-B mAb, followed by TR detection of
the LLBs or by conventional fluorescence microscopy for FiB3.
The lowest concentration of biotinylated 5D10 mAb to give
a detectable signal is 0.58 pg/mL with EuB2 and 0.71 pg/mL with
EuB1 versus 1.4 pg/mL when using FiB3 (Fig. 9).

The specificity of the assay was monitored as described above.
Compared to FITC fluorescence detection, the background
luminescence could be completely eliminated in TR detection
mode, which avoids the detection of false positive cells. Statistical
analysis of the TR luminescence detection evidenced an
improvement in the signal-to-noise ratio by a factor of 1.6,

MCF-7, no Ab MCF-7, anti-mycoplasma

Hela, biotinyl-5D10

MCF-7, biotinyl-5D10

Fig. 10 On-chip immunocytochemical detection of the mucin-like protein expressed on MCF-7 cells by 5D 10 with the EuB1 bioprobe (Col. 4). Negative
controls: no mAb (Col. 1), a-myco-B (Col. 2), and HeLa cells with 5D10-B (Col. 3).
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Fig. 11 On-chip immunohistochemical detection of Her2/neu and ER in a breast cancer tissue sample. (A) Bright field image; (B) merged luminescent
image, Her2/neu detected by green-emitting ThB5 and ER stained with red-emitting EuB4; (C) magnified image. Note the nuclear expression of ER and

the strictly membranous decoration of cells with Her2/neu.

compared to classical fluorescence detection (Fig. 10 and Fig. S6,
ESI¥).

Dual detection of biomarkers on a cancerous tissue

Having demonstrated the feasibility of our approach for the
detection of antigens expressed by cells grown in microchannels,
we subsequently turned to the analysis of diagnostic biomarkers
on human breast cancer tissues. The predictive and prognostic
biomarkers for breast cancer, ER and Her2/neu, were detected by
an immunohistochemical reaction. Both biomarkers are
routinely used in clinical practice, having an established role in
predicting tumour response to hormone therapy and to immu-
notherapy with trastuzumab.*® Simultaneous detection of both
tumour markers on a breast cancer tissue in the microfluidic
system was tested, taking advantage of the spectral versatility
brought by red-emitting Eu-LLB and green-emitting Tb-LLB.
However, when performing an indirect immunohistochemical
assay on breast cancer tissues, using the biotin-avidin system
described above, we were confronted with a high intracellular
background signal, which can likely be attributed to the intra-
cellular expression of biotin, often observed in cancer tissues.*
Therefore, it was decided to develop two new LLBs: EuB4, a Eu-
labelled goat anti-mouse IgG Ab; and ThBS, a Tb-labelled goat
anti-rabbit IgG Ab, as detection antibodies. As shown in Fig. 11,
Her2/neu expressed on the cancerous cell surface was detected by
TbB5 and ER located within the nuclear membranes of the
cancerous cells was evidenced with EuB4. The results were in
complete agreement with those obtained in the clinical labora-
tory using classical immunohistochemistry settings, but were
obtained in only 20 min versus the 2 h needed for the classical
protocol and with 5 times less reactants.

Conclusion

We have described herein methodologies for conjugating lumi-
nescent lanthanide binuclear helicates to various proteins, as well
as for growing epithelial monolayers in microchannels. The new
conjugates perform well as detection probes for the targeting via
specific recognition of a mucin-like protein expressed on the
surface of MCF-7 tumour cells by the SD10 mAb. The use of
time-resolved detection with lanthanide conjugates leads to
significantly lower detection limits compared to conventional
fluorescence detection via FITC, with markedly improved signal-
to-reference (S/R) ratios in immunocytochemical analyses and

luminescence microscopy imaging. Similar improvements were
obtained with the on-chip microchannel devices.

The new helicate conjugates compare well to the mononuclear
commercial chelate W8044, with almost identical detection limits
and similar S/R or S/N ratios. They present, however, potential
advantages: their inherent chirality®® and the possibility of
introducing two different lanthanide ions in the same molecular
edifice;® these features are presently being investigated in our
laboratories. The real advantage lies in the ditopic ligand system
used to self-assemble the helicates and which sensitizes both Eu™
and Tb" luminescence. Combining these benefits with micro-
fluidics technology, we were able to realize a novel ultrafast, and
economic assay for ER and Her2/neu detection on human breast
cancer samples. The improvement in analysis time and the
reduction in reagent consumption inherent to this new tech-
nology are substantial and with enormous potential for appli-
cation in the diagnostic routine.
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