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Exploitation of luminescent lanthanide nanoparticles for a sensitiv-
ity-enhanced ELISA detection method

Ali A. Kassir,” Clémence Cheignon, Loic J. Charbonniére*

Equipe de Synthése pour I’Analyse, IPHC, UMR 7178 CNRS, Université de Strasbourg, ECPM, 67087 Strasbourg, France

ABSTRACT: A new detection method based on the photoluminescence properties of dye-sensitized lanthanide nanoparticles (Ln
NPs) was developed for Enzyme Linked Immunosorbent Assays (ELISA). In this method, the Horseradish Peroxidase (HRP) enzyme
catalyzes the oxidation of phenol derivatives in presence of hydrogen peroxide, providing dimers that are able to interact with the Ln
NP surface and to efficiently photosensitize the Ln ions. Due to the very long emission lifetime of Ln, the time-gated detection of Ln
NP luminescence allows elimination of background noise due to the biological environment. After a comparison of the enzyme
catalyzed oxidation of various phenol derivatives, methyl 4-hydroxyphenyl acetate (MHPA) was selected as the most promising
substrate as the highest Ln emission intensity was observed following its HRP catalyzed oxidation. After a meticulous optimization
of the conditions of both the enzymatic reaction and the Ln sensitization (buffer, pH, concentration of the reactants, NP type ...), this
new detection method was successfully implemented in a commercial insulin ELISA kit as a proof-of-concept, with an increased

sensitivity compared to the commercial detection method.

INTRODUCTION

Lanthanide compounds display unique highly useful optical
properties and are widely used in several applications such as in
lighting,? light conversion,? sensing,® bio-labeling* and bio-im-
aging.® The optical properties of Ln® ions arise from the elec-
tronic transitions within the 4f orbitals. These core orbitals are
shielded and have little interaction with the chemical environ-
ment of the ion. Therefore, the f-f transitions display sharp and
specific emission signatures for each lanthanide. These transi-
tions are forbidden by the Laporte and sometimes spin multi-
plicity rules. This can be relaxed by symmetry considerations,
resulting in very long excited-state lifetimes, which leads to al-
most background-free detection using time-resolved methods.
However, the associated very weak absorptivity makes the di-
rect excitation inefficient. Fortunately, this can be overcome
with an indirect sensitization of Ln ions by a light-harvesting
chromophore, a phenomenon called antenna effect.®

In the last decade, Ln®* doped nanomaterials have emerged as
excellent alternatives to Ln complexes.” In addition to the sta-
bility and the versatility, lanthanide nanoparticles (Ln NPs) pro-
vide better protection of Ln** ions from nonradiative deactiva-
tion via vibrational modes of the solvent or ligand framework,
- with a concomitant enhancement of their luminescence prop-
erties (e.g. lifetime, brightness). Globally, Ln NPs have found
agrowing interest in their study, development, and employment
in multiple applications especially in bioanalytical fields such
as bio-imaging, drug delivery, photodynamic therapy, and bio-
assays.®

Time resolved luminescence detection of lanthanides has been
widely used to improve the sensitivity of immunoassays.1%!!
Different studies have attempted to combine this technique with
an enzymatic amplification in a highly promising approach
called enzyme-amplified lanthanide luminescence (EALL).
This consists of an enzyme-catalyzed formation of a ligand,

which, in contrast to the substrate, is able to chelate and photo-
sensitize Ln3*ions. The luminescence of the formed complex is
selectively measured by time-resolved detection. This strategy
can be used to simply detect enzymatic conversion, but also to
detect immunogenic reactions between an antibody and its an-
tigen (Ab-Ag) in assays where the enzyme is used as a label, as
in ELISA 12714

Most developed EALL methods have been performed at alka-
line pH, to allow the coordination of the ligand to the lantha-
nide. However, at high pH, it is required to add ethylenedia-
minetetraacetic acid (EDTA) chelate to avoid the formation of
insoluble lanthanide hydroxide, resulting in ternary complexes
in solution. The use of EDTA is also mandatory to fulfill the
coordination sphere of the Ln atoms, repelling the solvent mol-
ecules from the first coordination sphere. This thereby de-
creases the deleterious impact of these molecules on the lumi-
nescence efficiency of the Ln atoms.’>!® However, the use of
EDTA is unfavorable in terms of sensitivity because the EDTA
itself can sensitize Ln® to a small extent, contributing to the
background signal, while excess of EDTA also reduces the ef-
ficiency of the sensitization by the antenna. These drawbacks
have thus far limited their development and commercialization.

Herein, we propose a new sensitive ELISA detection method
based on luminescent lanthanide nanoparticles (Scheme 1). As
Ln atoms are embedded in the NP structure, the surface Ln ions’
coordination sphere is already partly satisfied bt NP subsurface
Ln-F bonds, leaving only two to three coordination sites vacant
for the coordination of antennae at the surface of the NPs.'” Ln
NPs can overcome the limitations of Ln-complexes by provid-
ing better stability at larger range of pH and can also add further
improvement in brightness and lifetime.

In this work, we have prepared and characterized two sets of
LaF; based NPs with different doping Ln atoms (Th-Eu) and
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Scheme 1: Principle of the new detection method based on Ln
NPs for ELISA. 1) fixation of the analyte on a surface immobi-
lized primary antibody. 2) fixation of an enzyme-functionalized
secondary antibody. 3) Enzymatic reaction of the substrate re-
sulting in the formation of photosensitizers L". 4) binding of L"
at the surface of the NPs to amplify their luminescence by an-
tenna effect.

ratios. Then we have designed and optimized an enzymatic re-
action (Scheme 1, step 3) to convert an inactive substrate (L)
into a ligand (L") able to coordinate to the Ln NPs surface and
to photosensitize Ln ions (Scheme 1, step 4). Finally, the devel-
oped method has been implemented in an ELISA system for the
detection and quantification of human insulin (Scheme 1, all
steps) and compared to the state-of-the-art conventional colori-
metric detection method.

EXPERIMENTAL SECTION

Materials and Reagents. High purity Ln salts (LaCls.7H.0,
ThCl3.6H,0 and EuCls.6H,0), ammonium fluoride, Horserad-
ish peroxidase (HRP) powder (type VI, 250 Units/mg), Bovine
liver Catalase powder (2000-5000 Units/mg), Streptavidin-
HRP (SA-HRP) conjugate (1 mg in 0.05 mol-L"* HEPES pH
6.8), Hydrogen peroxide 30%, succinic acid 99%, and
MQuant® semi quantitative colorimetric peroxide test strips,
were purchased from Sigma. Methyl 4-hydroxyphenylacetate
97% was purchased from Fluorochem. The other used phenols
were purchased from Sigma, Fluorochem or TCI chemicals.
Human insulin ELISA kit (EZHI-14K) was purchased from
Merck Millipore.

Synthesis and characterization of Ln-doped nanoparticles.
LaggTho1Fsand ThossLag.14Euo01F3 NPs were prepared in aque-
ous solution using a microwave oven, according to the previ-
ously published procedure®® described for LaggTho1Fs NPs and
adapted for ThggsLag 14Euo.01F3 NPs (see Sl for detailed prepara-
tion procedure). Their shape and composition were character-
ized by TEM, zeta potential measurement, DLS and ICP-AES
analysis. TEM measurements were performed with a JEOL
2100F electron microscope operating at 200kV equipped with
a GATAN GIF 200 electron imaging filter, coupled with energy
dispersive X-ray (EDX) spectroscopy, with a point-to-point res-
olution of 0.23 nm. A drop of the suspension of nanoparticles
in water was deposited on TEM grids. The grid was prepared
with a porous membrane covered by an amorphous carbon
layer. The zeta potential and the hydrodynamic diameter were
measured using an AMERIGO system (Cordouan technolo-
gies). All measurements were done in milliQ water at room tem-
perature. DLS measurements were performed using an external
probe with laser at 638 nm. The experimental correlograms are
fitted by SBL mathematical algorithm and the results were
treated by the number of NPs. Laser Doppler electrophoresis
measurements were performed in solutions diluted 50 times
from stock solution at 20.27 V-cm™ applied electric field. Zeta
potential is directly linked to the mobility of NPs according to

the theory of Smoluchovski. Results are given as the mean value
of at least 6 experiments with their standard deviations. 1CP-
AES analyses were performed with a Varian 720-ES spectrom-
eter equipped with a quartz Meinhard nebulizer and a cyclone
spray chamber. The concentration was determined by compari-
son with commercial standard samples.

The stability of the stock solution of NPs was verified over four
months by controlling that the size (hydrodynamic diameter
measured by DLS), charge (zeta potential) and pH of the stock
solution remain constant.

Spectroscopic measurements. Steady-state fluorescence
measurements of the ligands, time-resolved photoluminescence
measurements of Ln NPs, and absorbance measurements of
TMB were all recorded on a TECAN Spark multimode micro-
plate reader with monochromators, working with a high energy
Xenon flash lamp, in low-binding black 96-wells microplates
from Greiner Bio-one. Time-resolved measurements were rec-
orded with a time delay of 50 ps and an integration time of 2
ms.

Enzymatic assays. All enzymatic assays were performed in a
total volume of 200 pL (the following concentrations are given
for this solution volume) in low-binding black 96-wells micro-
plates from Greiner Bio-one. 2 mmol-L* of the p-substituted
phenol and 0.2 mmol-L* of H,O, were incubated in microplate
wells in 10 mmol-L* succinate buffer at pH 4.6 (HRP) or pH
7.0 (SA-HRP). The reaction was normally initiated by the addi-
tion of HRP enzyme and the microplate was agitated in a mi-
croplate shaker (400 rpm) at room temperature for 1 h. Concen-
trations and pH conditions can vary in the optimization proce-
dure of each parameter. For kinetics studies, the microplate was
agitated in the TECAN incubator and the increase in fluores-
cence (Aexc = 289 nm, Aem = 402 nm), was recorded for 1 h of
reaction. 0.05 mg-mL? of catalase (5 pL of a 2 mg-mL* solu-
tion) were introduced to the mixture, and the elimination of
H,0, was verified by colorimetric peroxide test strips before the
addition of the NPs. Finally, 2x10® mol-L! of Ln NPs were
added to the reaction mixture, the pH was increased to ca 13
using 8 pL of a 1 mol-L? NaOH solution and the microplate
was agitated for 5 min. The excitation spectra were recorded at
an emission of 545 nm of Th, while the emission spectra were
recorded at the maximal excitation. The excitation and emission
bandwidths, the gain, as well as the z-position were kept con-
stant in order to compare the different datasets. All experiments
were repeated at least three times with no significant variation.

HPLC-UV analysis. Samples of the reaction mixture in pres-
ence and in absence of HRP as well as the reference compounds
were analyzed by HPLC-UV (Agilent technologies Series 1100
system equipped with a quaternary pump), separated on a C18-
AQ Interchim puriFlash column (4.6 x 250 mm, 5um) with an
injection volume of 10 pL. The gradient elution was carried out
with ultrapure water and acetonitrile (ACN) at a flow rate of 1.0
mL.mint. The mobile phase gradient was programmed with the
following time course: 50% ACN at 0 min, linear increase to
100% ACN at 8 min, linear decrease to 50% ACN at 10 min
and held 5 min. The absorption of the eluted compounds was
detected at Aaps = 220 nm.

LOD/LOQ calculation. Limit of detection (LOD) and limit of
quantification (LOQ) were estimated by measuring replicates of
blank sample, determining the mean value and the standard de-
viation (SD), and calculating LOD as the mean plus 3.3 SD and
the LOQ as the mean plus 10 SD. The coefficients 3.3 and 10
are obtained assuming a 95% confidence level.



ELISA procedure. The ELISA procedure was realized accord-
ing to the protocol of the commercial kit “Human insulin
ELISA kit (EZHI-14K)” (Merck Millipore). The classical pro-
cedure was fully followed for the detection with TMB, however
some changes have been operated for the implementation of the
detection method with Ln NPs. After the incubation with the
enzyme conjugate solution followed by the washing steps, 2
mmol-L* of methyl 4-hydroxyphenyl acetate (MHPA) and 0.2
mmol-L* of H,O, were incubated in microplate wells in 10
mmol-L* succinate buffer pH 7.0. The final volume in the wells
was fixed at 200 pL in all assays. The microplate was agitated
in a microplate shaker (400 rpm) at room temperature for 1 h.
0.05 mg-mL* of catalase were introduced to the mixture, prior
to the addition of 2 x 10® mol-L* of Tbo gsLao.12EUo.01Fs NPs to
the reaction mixture, and the pH increase to approximately 13
by addition of 8 pL of a 1 mol-L* NaOH solution. The micro-
plate was then agitated for 5 min and the time-resolved emission
was measured at 545 + 3.5 nm after excitation at 318 + 5 nm
with a lag time of 50 ps and an integration time of 2.0 ms.

RESULTS AND DISCUSSION
Lanthanide nanoparticles synthesis

LaogTho1Fs and ThossLao14EUo0iFs nanoparticles (NPs) were
prepared in aqueous solution using a microwave oven, accord-
ing to the previously published procedures.'®°® These two types
of Tb doped and Th/Eu doped LaF; NPs were chosen for their
morphological and spectroscopic differences and will be tested
to identify the most suitable for the developed detection
method. Transmission electron microscopy (TEM) images
(Figure 1a-b) indicate the presence of rounded or slightly elon-
gated shaped NPs (especially in the case of ThggsLao.1aEUo.01F3)
with an average diameter of 20 £ 6 and 35 + 7 nm for
Lao,gTbo,lF;; and Tbo,gsLao,14EUo,01F3 NPs respectively, with a
controlled dispersity (Figure 1c). Zeta potential measurements
in aqueous solution show that both NPs exhibit a positive sur-
face charge superior to + 30 mV (Figure 1d), highlighting a
good colloidal stability with limited aggregation, supported by
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Figure 1: Transmission electron microscopy images of (a)
Lao.sThoiFs and (b) ThossLao1sEuooiFs NPs; (c) Particle size
distribution of LaooTbo.1F3 (green) and Tho.ssLao.14Euo.01F3 (red)
NPs determined by TEM and (d) summary table with the mean
diameter determined by TEM(*), zeta potential (calculated from
mobility measurements shown in Figure S2) and mean
hydrodynamic diameter determined by DLS for each type of NPs
(DLS graph with size distribution shown in Figure S1).

the DLS measurements which reveal well dispersed NPs with
mean hydrodynamic diameters of 49 + 14 nm and 62 + 18 nm
for LaggTho1Fs and Thogslao14Eug0iFs NPs respectively (Fig-
ure 1d and Figure S1). Both TEM and DLS results indicate that
the Th/Eu doped NPs are bigger than the Tb doped NPs, proba-
bly originating from the different crystal structure (LaooTho.1F3
exhibiting a hexagonal LaFs as previously reported®® while
Tho.gsLao14EU0.01F3 related XRD structure corresponds to an or-
thorhombic ThF; crystal structure as shown in Figure S3).

The NPs composition was characterized by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis and
their concentration was determined following the previously
published method,® by using the average diameter of the NPs
determined by TEM measurement, the density of LageTho1Fs
and Thogslaog14Euo 0 F3 calculated as the percentage weighted
density of LaFs, TbFsand EuF; (for the last NPs), and the total
amount of La (or Tb or Eu) in the solution, as determined by
ICP-AES analysis (Table S1).

Enzymatic dimerization of phenol derivatives

12 para-substituted phenol derivatives (Figure 2) were selected
as substrates for the HRP catalyzed dimerization reaction fol-
lowed by testing a potential photosensitization of Tbh in the NPs
(Scheme 2). For the development of this method, several pa-
rameters have to be considered: the enzymatic reaction yield
leading to the desired product and the capacity of both the sub-
strate and the dimer product(s) to sensitize the Tb of the NPs.

As a prerequisite, all the selected substrates were demonstrated
to be very poor photosensitizing ligands, as some phenol con-
taining compounds such as calix[4]arenes, have been shown to
photosensitize Th in NPs.? For this purpose, each ligand was
added to a solution of NPs and after increasing the pH to 13 (see
procedure below) the very low Tb emission was measured after
excitation at the wavelength selected for Th sensitization by the
reaction product (Figure S4). Para- substituted compounds were
chosen as it can (i) help to promote the formation of the 0,0’-
biphenol, the best candidate for Ln coordination among the var-
ious potential dimeric products,? (ii) influence the solubility of
the formed dimer in water and (iii) directly affect the pKa of the
phenol group,? and (iv) impact the fluorescence capacity of the
oxidation product as well as its ability to sensitize specific Ln
ions.® Finally, the application of an alkaline pH is mandatory
for the detection step in order to deprotonate the phenol moie-
ties, and thus obtain a stronger coordination and a more efficient
Ln photosensitization.

For each substrate, in a total volume of 200 pL, 1 mmol-L!
were incubated in microplate wells with H.O, 0.5 mmol-L* at
pH 7.0, and the reaction was initiated by the addition of HRP

HRP /H O2 Ln NPs O' 0&
pH 7.0 pH 13 0' 0
OJ

Scheme 2: Representation of the two distinct steps of the devel-
oped method: HRP catalyzed dimerization of p-substituted phenol
derivatives leading to the desired o,0-biphenol product followed
by the Tb photosensitization by the biphenolate product present at
the surface of the NPs at alkaline pH.
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Figure 2: Substrates with different p-substituents tested in the as-
say.

enzyme (10° mol-L1). After one hour of reaction, catalase was
added to the mixture to neutralize the remaining H,O,, followed
by the introduction of 2 x 108 mol-L* Lag9Tho.1F3 NPs and the
pH was increased to 13. While the first pKa of 0,0’-biphenol is
found around 7.6, the second pKa value is around 13 % and the
large increase of the pH of the solution ensures the second
deprotonation and a better coordination at the surface of the NPs
as shown in Figure S5. Finally, the Time Resolved (TR) emis-
sion spectra were measured with respect to the maximum exci-
tation determined for an emission at 545 nm in each well. Fig-
ures 3a and 3b show the TR-emission spectra of Th with the
substrates presenting the most interesting results (See Support-
ing Information, Figure S6 for substrates 6 to 10 or in absence
of substrate), and the turn-on amplification factor obtained with
all tested substrates respectively.

The three substrates containing a carboxylic acid group (1, 2
and 3) were all found to sensitize Th-NPs, substrates 2 and 3
exhibiting a much higher amplification of Tb emission than
substrate 1 upon HRP catalyzed oxidation. These results are in
accordance with the proposition of Guilbault et al, stating that
a methylene group in para position yields to a better fluorescent
dimer product,? and tend to highlight that the coordination of
the corresponding biphenolate on the surface of the NPs occurs
through the phenolic group. However, the potential (partial) in-
volvement of the carboxylate groups in the coordination, as sup-
ported by Zheng et al. in a previous report,® cannot be dis-
counted.

The methyl 4-hydroxyphenyl acetate (4) was tested as a pro-
tected version. The oxidation of this substrate provided the
highest Th emission amplification with a factor of 1220, a dras-
tic enhancement compared with the substrates 1-3. It is assumed
that the protection oftwo negatively charged carboxylate groups
as methyl ester functions prevents the attraction to the NPs from
this side and favors the coordination of the dimer through the
phenolic groups. This also protects the reactive carboxylate
from any side reaction, such as its oxidation to a carboxylic rad-
ical followed by addition to the meso-position.

An analogous substrate (5) with an amide group was proposed
to provide a higher stability than the ester group at alkaline pH.
Unfortunately, the oxidation of this substrate did not offer the
same Thb emission amplification and was limited to a factor of
660. As the fluorescent aromatic moiety of this substrate was
not modified compared to substrate (4), a significant variation
of the antenna triplet state is not expected. Therefore, this halv-
ing in the sensitization efficiency is not completely related to
the spectroscopic properties of these antennae but may be due
to the formation yield of each one of them following the enzy-
matic oxidation. The NH group of the amide acts as a hydrogen
donor and can be more or less reactive to HRP oxidation, con-
ducting to side products altering the formation yield of the sen-
sitizer. This hypothesis was strengthened by the results obtained
with substrate (6), containing an amine group. Despite that the
obtained dimer has approximately the same spectroscopic prop-
erties as the carboxylic acid analogous,? no sensitization of Tb
emission was observed. Substrates with electron-withdrawing
(7,8) or donating (9,10) substituents did not lead to any photo-
sensitization following the enzymatic reaction, probably due to
an inhibition of the reaction, as the elimination of the methylene
group in the side chain was demonstrated to decrease the rate of
oxidation.?® Another hypothesis is that electron-donating and
withdrawing substituents by the mesomeric effect can modify
the m-electrons delocalization of the aromatic moiety which sig-
nificantly alters the triplet state of the formed dimer. This could
either increase the energy gap with the Th emissive state, inhib-
iting the transfer, or reduce this gap resulting in back transfer to
the ligand. Finally, oxidation of substrates 11 and 12 with only
carbon chain substituents shows very low signal amplification,
most probably originating from solubility issues.
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Figure 3: (a) TR-emission spectra of Lao.oTho.1F3 NPs (Aexc = 320 nm) after HRP catalyzed oxidation of the most promising substrates (1:
yellow, 2: orange, 3: blue, 4: red, 5: green. Inset: 11: grey, 12: black). (b) Amplification factor obtained with all tested substrates, calculated
by dividing the substrate related intensity at 545 nm with one of the blank from Figure 3a and Figure S6. TRIS buffered solution (10 mmol-L-
1 pH 7.0) containing HRP (10° mol-L-1), substrate (1 mmol-L) and H202 (0.5 mmol-L1).



Characterization of HRP-catalyzed oxidation of MHPA

The methyl 4-hydroxyphenyl acetate (substrate 4, named
MHPA) was selected as substrate for the next steps as it pro-
vided the best performance in this enzymatic assay. The reac-
tion mixture was then analyzed after one hour by HPLC-UV
(Figure 4 and Figure S7, blue trace). As a control, a reaction
mixture with no HRP was also analyzed (black trace). A de-
crease of the peak with a retention time of 4.3 min, correspond-
ing to the MHPA, is clearly observed, confirming the reaction
in presence of both H,O, and HRP. In the reaction mixture, two
other peaks are observed at 5.3 and 5.9 min. In order to know if
the desired o,0 -biphenol is formed during this reaction, the di-
meric dimethyl-2,2°-(6,6°-dihydroxy-[1,1°-biphenyl]-3,3¢-
diyl)diacetate (named 0,0 -biphenol) was synthesized from
MHPA according to a described procedure via a biomimetic
iron(l11)-catalyzed solid-phase coupling reaction.?” The result-
ing product has been characterized by *H NMR (see Sl for as-
signment of NMR signals) and analyzed by HPLC-UV (Figure
4, red trace). The peak at 5.3 min in the reaction mixture can
thus be assigned to the o,0 -biphenol as both the retention time
and the UV absorbance spectra (Figure 4, inset) are comparable.
The second peak has not been characterized but it is assumed
that it is a product from the 0,0 -biphenol, as an increase of the
intensity of this peak along with a decrease of both the peaks at
4.3 and 5.3 min is observed after a second addition of H,O, (see
Figure S8).

The reaction mixture has also been characterized by fluores-
cence spectroscopy (Figure S9). The oxidation product is
strongly fluorescent and presents excitation and emission max-
ima at 289 nm and 402 nm, respectively. In contrast, the starting
MHPA substrate is weakly fluorescent under these conditions,
thus fluorescence spectroscopy is a suitable tool to follow the
reaction Kkinetics.

Optimization of the dimerization reaction of MHPA

The kinetics of HRP catalyzed MHPA oxidation was monitored
by fluorescence spectroscopy, first of all under mild enzyme
concentration (Figure 5, blue dots). The formation of the dimer
was strictly dependent on the presence of HRP enzyme in the
reaction mixture as no increase of intensity was observed if
HRP was not added (Figure 5, grey dots).
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Figure 4: Enlargement of the chromatogram traces of the reaction
mixture in presence (blue) and absence (black) of HRP and of the
synthetic dimer (red) (Aabs = 220 nm). The full chromatogram traces
are shown in Figure S7. Inset: UV spectra of the synthetic dimer
(red) and the enzymatic product (blue) at a retention time of 5.3
min (TRIS/HCI, 10 mmol-L%, pH 7.0, [MHPA] = 1 mmol-L?,
[HRP] =0 or 101 mol-L"* and [H202] = 0.5 mmol-L"1).
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Figure 5: Kinetics of HRP catalyzed MHPA oxidation in presence
of H202 monitored by fluorescence with HRP 10-1° mol-L* (blue
dots) or without HRP black dots). (Aexc = 289 nm, Aem = 402 nm,
TRIS/HCI, 10 mmol-L%, pH 7.0, [MHPA] = 1 mmol-L%, [HRP] =
0 or 101° mol-L* and [H202] = 0.5 mmol-L1).

Several parameters can influence the enzymatic reaction and the
NP photosensitization, such as the pH and the concentration of
the various reagents. The effect of the pH on the enzymatic re-
action was studied in the pH range from 3.5 to 8.5 (Figure 6).
The highest fluorescence intensity corresponding to the highest
formation of the fluorescent dimer is observed for a pH of 4.6,
far from the pH 7.0 already discussed (vide supra). This result
is quite surprising as numerous HRP-catalyzed oxidation of
phenols have been reported for pH between 6.5 and 8.5.2% How-
ever, the amount and nature of the products have been shown to
depend on the type of HRP,? and different properties can be
obtained for various commercial preparations of HRP.% In ad-
dition, oxidation of several substrates by HRP was reported at
acidic pH including guaiacol, 3,3',5,5'-Tetramethylbenzidine
(TMB) and others.®
The ratio of H,O- to HRP has been found to be a crucial param-
eter for the phenol oxidation efficiency. While a lack of H,0,
during the reaction limits the reaction rate, an excess of H,0,
behaves as a typical suicide substrate of HRP enzyme.*? In the
presence of excess H,0,, other cycles of HRP can be triggered,
where HRP is converted to a species (named compound 1)
which slows down the peroxidase cycle responsible of phenol
oxidation.® This phenomenon was investigated by monitoring
the reaction kinetics at H,O, concentrations in the range of 0.1-
2 mmol-L?, while maintaining constant MHPA and HRP con-
centrations.
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Figure 6: Effect of the pH on the formation of the MHPA dimer
(Aexc = 289 nm, Xem = 402 nm). Fluorescence intensity measurement
of a succinate buffered solution (10 mmol-L*) containing HRP (10
10 mol-Lt), MHPA (2 mmol-L*) and H202 (0.5 mmol-L2).
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Figure 7: Kinetics of MHPA oxidation catalyzed by HRP with
H202 concentrations of 0 (black), 0.1 (grey), 0.2 (blue), 0.5 (red),
1.0 (orange) or 2.0 mmol-L (green). (hexc = 289 nm, Aem = 402 nm,
10 mmol-L? succinate buffer, pH 4.6, [HRP] = 10"° mol-L"1,
[MHPA] = 2 mmol-L? and H20z).

As shown in Figure 7, in the range of 0.1-0.2 mmol-L!, the rate
of the reaction increased with H,O, concentration while for
higher concentration (> 0.5 mmol-L1), the reaction rate dimin-
ished, highlighting the effect of excess H.O on the deactivation
of the HRP enzyme. Thus, a HRP concentration of 0.2 mmol-L-
1 appeared to be the best choice to obtain the highest quantity of
dimer.

A similar experiment was realized by varying the substrate con-
centration (MHPA between 0.5 and 5 mmol-L?) in order to
study its influence on both the enzymatic reaction (Figure S10,
left panel) and the NP photosensitization (Figure S10, right
panel). While the dimer fluorescence intensity continuously in-
creases with the MHPA concentration (with a slight increase at
higher concentrations compared to the lowest concentrations),
the photoluminescence intensity of the NPs reaches the highest
value for 2 mmol-L? before decreasing sharply for higher
MHPA concentrations. This can be explained by a competition
between the formed dimer and the remaining substrates to be
coordinated at the surface of the NPs. For MHPA concentra-
tions higher than 2 mmol-L?, the increase of dimer formed is
less significant, but the quantity of initial substrate is much
higher, thus the MHPA/dimer ratio strongly increases, and the
formed dimer has less probability to be coordinated at the sur-
face of the NP. After optimizing the conditions for an efficient
formation of the antenna and maximal sensitization of
LageTho1Fs NPs, the dependence of the final response on the
enzyme concentration was investigated by establishing the cor-
responding calibration curve (Figure 8).
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Figure 8: Calibration curve of the photoluminescence response of
the assay as a function of HRP concentration (0.1 to 100 pmol-L-
1). Time-resolved emission measurement at 545 nm after excitation
at 320 nm.

The developed method was tested on a large range of HRP con-
centrations between 0.1 and 100 pmol-L* under optimized con-
ditions (pH 4.6, H,0, and MHPA 0.2 and 2 mmol-L* respec-
tively). The relative response of the assay as a function of the
enzyme concentration fitted well in a linear equation (as illus-
trated by the linear regression shown in Figure S11 in a non-
logarithmic scale) showing the expected linear behavior. The
three replicates present low standard deviations which reflect
the precision of the method. In addition, the dynamic range
seems to be very important as the calibration curve covered
three orders of magnitude and the upper limit of linearity of the
method was not yet reached. Limits of detection (LOD) and of
quantification (LOQ) of 0.1 and 0.3 pmol-L ™ were determined,
respectively (see experimental section for more details), high-
lighting the sensitivity of the detection. As a comparison, this
HRP detection method is 8000 and 20 times more sensitive than
the best conditions of similar assays using Ln complexes.?*
Thus, according to the very encouraging results, this method
can now be implemented in a ELISA test and compared with a
conventional detection method.

Implementation into an ELISA test: optimization and as-
sessment of the sensitivity

After demonstrating the effectiveness of this method using HRP
in solution, it was important to investigate the reactivity of this
enzyme when acting as a label. In most ELISA tests, HRP is not
directly bound to the Ab, but conjugated to streptavidin protein
(SA), ready to bind to a biotinylated Ab. This particular process
provides consistent measurement of biotinylated detection Ab
in sandwich ELISA applications. Thus, a first step consisted in
evaluating the enzymatic activity of SA-HRP conjugate in so-
lution (meaning not yet immobilized like in sandwich ELISA
conditions) for the developed assay and verify if the optimized
conditions are still the more suitable. Surprisingly, with the pre-
vious optimal conditions, the TR emission of NPs was 10 times
weaker with SA-HRP (Figure S12). After further investiga-
tions, it has been found that the only optimized parameter that
was not optimal anymore with SA-HRP was the pH of enzy-
matic reaction, as it was determined to be 7.0 and not 4.6 as for
HRP (Figure S13). This can be related to the type of HRP en-
zyme as mentioned above. Additionally, at pH 7.0, the emission
intensity obtained previously with HRP is only recovered when
using 10 mmol-L? succinate (the same buffer used at pH 4.6,
although pH 7.0 is out of its buffer range) instead of an appro-
priate buffer for this pH such as HEPES or TRIS buffer (Figure
S14). Thus, the nature of buffer appears to be another factor for
the enzymatic reaction. For the following experiments, it was
decided to keep pH 7.0 as a new optimal pH for SA-HRP enzy-
matic reaction, and to do the enzymatic reaction in succinate 10
mmol-L*as pH was shown to be unchanged during the course
of the reaction. The second step was then to implement this new
detection method in an ELISA test. A commercial sandwich
ELISA assay for insulin detection was chosen with a colorimet-
ric detection using HRP and TMB as substrate. In this test, the
analyte is fixed on a surface immobilized primary antibody
(Scheme 1, step 1), then a biotin-functionalized secondary anti-
body is fixed to the antigen and in a third step, the HRP-
streptavidin is added to obtain a HRP conjugated antibody
(Scheme 1, step 2).

It is worth noting that these first three steps are the ones de-
scribed in the protocol of the commercial kit, and each step is
separated by a washing step to remove the unfixed
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Figure 9: Absorption spectra of TMB (a) and TR-emission spectra
(Rexc = 320 nm) of Lao.oTho.1F3 NPs (b) and Lao.14Tho.ssEuo.01F3 NPs
(c) following an ELISA with 0 (orange) or 20 uU-mL* (blue) of
insulin. Signal over noise response (S/N) is given for each condi-
tion in the inset table, calculated from the maximal intensities (450
nm for TMB and 545 nm for NPs).

bio-molecules. As a last step, for the classical ELISA test, a so-
lution containing TMB and H;O; is added, agitated for 15 min
and the absorbance at 450 nm is measured after adding an acidic
solution to stop the reaction. For our method, a solution con-
taining MHPA and H;O; in succinate is added and incubated
under agitation for 1 hour prior to add catalase and the NPs and
increase the pH to 13 for TR photoluminescence measurement.
For an insulin concentration of 20 pU-mL™, a signal over noise
(S/N) of 4 is obtained with TMB detection while a S/N of 10 is
reached with the detection by the MHPA/ Lag g Tho.1F3 NPs sys-
tem (Figures 9a and 9b). Moreover, replacing the latter NPs by
Tho.gsLag14EU0.01F3 NPs led to a two-fold increase of S/N (Fig-
ure 9c¢) originating from the lower background noise.

It is worth noting that initially, ThogsLao.14EUo01F3 NPs were
tested with the expectation of an energy transfer occurring from
the Tb to the Eu in the NPs as it has already been reported, %
which would have shifted the emission bands to the red part of
the spectrum and would have made two possible channels for
the reading of the signal. Unfortunately, this phenomenon could
not be observed under our conditions, as evidenced in Figure
S15 in the presence of the ligands. In absence of ligand, excita-
tion at 320 nm resulted in a lower signal for Th at 545 nm that
is probably related to the observation of Eu emission due to di-
rect excitation into the ®Ha.¢ bands of Eu.® Thus, despite the ab-
sence of the expected energy transfer, the use of
Tho.gsLag 14EU0.01F3 NPs leads to a more sensitive developed de-
tection method.

In a final step, the performance of the developed ELISA was
evaluated by establishing the corresponding calibration curve.
The assay was performed on a 1-100 pU-mL™* range of insulin
concentration under the same optimized conditions mentioned
above. ThogsLao14EuooiFs NPs were used in this study for
providing the best S/N in the assay. The resulting calibration
curve describing the intensity of TR-emission of Th at 545 nm
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Figure 10: Calibration curve of the photoluminescence response of
the assay as a function of insulin concentration (Aexc = 320 nm, Aem
=545 nm). Red dot corresponds to LOD.

after an excitation at 320 nm is shown in Figure 10. The relative
response of the assay as a function of the enzyme concentration
was fitted in a Spline curve using Assayfit Pro, an ELISA re-
sults data analysis software.* Spline is a function defined piece-
wise by polynomials, allowing the fitting of complex smooth
shapes. The 3 replicates show weak standard deviations which
indicates a good precision of the method. In this range of insulin
concentration, the calibration presented a low response curve
shape.*® Most importantly, a LOD of 0.5 pU-mL*and a LOQ
of 1.5 pU-mL* were determined, corresponding to 3 and 9
pmol-L* of insulin respectively,**? i.e. a 30 times decrease
compared to the LOD/LOQ of in solution free HRP in the best
conditions (calibration curve in Figure 8). This sensitivity loss
can be attributed to different factors: (i) the nature of HRP en-
zyme as discussed previously, (ii) the immobilization of the Ab-
Antigen-Ab-enzyme complex in the well, the enzymatic reac-
tion being limited by the substrate diffusion rate in solution “3
and (iii) the risk of antigen or SA-HRP loss at each washing
step, leading to a overestimation of the real final enzyme con-
centration in the well.

In parallel, the LOD of the assay using the commercial colori-
metric detection was evaluated and determined at 1 pU-mL™?,
matching with the LOD provided by the supplier. Thus, despite
the sensitivity loss by the method implementation into the
ELISA, these results confirmed that with the developed method
based on a time resolved detection of Ln NPs photolumines-
cence, the sensitivity of an ELISA for the quantification of hu-
man insulin was improved by a factor of 2.

The reproducibly of the method has also been assessed by real-
izing the new ELISA test at a given insulin concentration on
different days and by changing the batch of insulin kit and
measurement parameters, with an obtained S/N average of 20.1
+ 2.3 at 20 pU-mL* insulin (Table S2).

CONCLUSION

From a systematic study of the HRP catalyzed oxidation of 12
different phenol derivatives by hydrogen peroxide and of the
capacity of the oxidation product to efficiently photosensitize
Th doped LaF; NPs, MHPA was selected as the most promising
substrate for both the enzymatic reaction and the Tb photosen-
sitization. The various parameters influencing the enzymatic re-



action (reaction time, concentration of the reactants, buffer na-
ture, pH) and the Th photosensitization by the oxidation product
(remaining H2O; elimination, NP concentration and type, pH)
were carefully optimized to obtain the best conditions leading
to the highest TR emission intensity of Th at a given HRP con-
centration. It is worth noting that the HRP nature (type and com-
mercial preparation)?®%° is also an important factor to take into
account as very different results were obtained for free HRP in-
itially employed and HRP-SA conjugate from the commercial
ELISA Kit, requiring further optimization (the most dramatic
parameter being the optimal pH for the enzymatic reaction). In
solution, enzymatic reaction using LaosThoiFs NPs led to a
LOD of 0.1 pmol-L* for free HRP, 8000 and 20 times more
sensitive than the best conditions of similar detection methods
with Ln complexes,?% with a calibration curve covering three
orders of magnitude and an unreached upper limit of linearity,
highlighting a large dynamic concentration range for HRP
quantification. Finally, the implementation of this detection
method into commercially available sandwich ELISA assay for
human insulin quantification was successfully accomplished
with Lao.14ThossEUo.1F3 NPs, with atwo times higher sensitivity
compared to colorimetric TMB detection method of the com-
mercial kit. Moreover, this proof-of-concept was realized with
human insulin but this detection method could be implemented
on any HRP-based ELISA assay, with the same gain of sensi-
tivity compared with TMB tests, as it is independent of the na-
ture of the antigen/antibody system. As a perspective, a moder-
ately increased temperature and sequential addition of small
amounts of H,O, were reported to enhance the yield of phenol
dimerization.*** These procedures were practically unfeasible
in our laboratory, however with an automatized assay and using
injectors for the different addition steps, these are serious op-
tions to improve the response of the assay.
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