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Fluoromagnetic Nanoparticles

Highly Fluorescent Magnetic Nanobeads with a
Remarkable Stokes Shift as Labels for Enhanced

Detection in Immunoassays

Francesca Salis, Ana B. Descalzo,* Elena Benito-Peria, Maria C. Moreno-Bondi,

and Guillermo Orellana*

Fluorescence immunoassays are popular for achieving high sensitivity, but
they display limitations in biological samples due to strong absorption of
light, background fluorescence from matrix components, or light scattering
by the biomacromolecules. A powerful strategy to overcome these problems
is introduced here by using fluorescent magnetic nanobeads doped with two
boron-dipyrromethane dyes displaying intense emission in the visible and
near-infrared regions, respectively. Careful matching of the emission and
absorption features of the dopants leads to a virtual Stokes shift larger than
150 nm achieved by an intraparticle Férster resonance energy transfer (FRET)
process between the donor and the acceptor dyes. Additionally, the magnetic
properties of the fluorescent beads allow preconcentration of the sample. To
illustrate the usefulness of this approach to increase the sensitivity of fluores-

excitation light.l To overcome these prob-
lems, different strategies are described in
the literature including: i) to take advan-
tage of very brilliant tags (i.e., highly
fluorescent tracers with large absorption
coefficients) to achieve a strong analytical
signal; ii) detection in the near-infrared
(NIR) region of the spectrum to mini-
mize autofluorescence from the sample;?
iii) intensification of the analytical signal
by simultaneous labeling with fluorophore
ensembles;?®l iv) to set the largest pos-
sible separation between the excitation
and emission wavelengths for avoiding
interference from the light scattering, and
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cence immunoassays, the novel nanoparticles are employed as labels for quan-
tification of the widely used Tacrolimus (FK506) immunosuppressive drug. The
FRET-based competitive inhibition immunoassay yields a limit of detection
(LOD) of 0.08 ng mL™", with a dynamic range (DR) of 0.15-2.0 ng mL™",
compared to a LOD of 2.7 ng mL™" and a DR between 4.1 and 130 ng mL™’

for the immunoassay carried out with direct excitation of the acceptor dye.

1. Introduction

Sensitive optical detection in biological samples is a demanding
task due to common features of biological matrices namely,
the presence of colored species (e.g., hemoglobin), fluores-
cent components (such as tryptophan, tyrosine, or phenylala-
nine amino acids, vitamins, etc), and particles that scatter the
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v) sample preconcentration to decrease the
limit of detection (LOD). All the strategies
mentioned above are even more relevant
when aiming to determine directly the
concentration of disease markers or drugs
in serum or blood.H!

The current standard technique in clin-
ical chemistry to analyze the concentration
of chemicals in blood is liquid chromatog-
raphy/mass spectrometry (LC/MS) or liquid chromatography/
mass spectrometry-mass spectrometry (LC/MS-MS).’! However,
the associated methods are laborious, expensive, bulky, and do
not allow even an in situ semicontinuous monitoring of the ana-
lyte levels (e.g., for point-of-care-testing or POCT). Immunoas-
says are alternative analytical methods for sensitive and selective
determination of the target, particularly when combined
with fluorescence detection of the analyte or, more often, of a
fluorescent-labeled drug or antibody.!! Nevertheless, the strong
absorption of light and the background fluorescence from other
matrix components, or the light scattering by the biomacromole-
cules, frequently decrease the immunoassay performance.

Immunosuppressive drugs have become a fundamental
pillar in the success of organ transplantation.’! In this regard,
a particularly relevant drug is Tacrolimus (also coded FK506
by the original manufacturer, Scheme S1 in the Supporting
Information), a hydrophobic 23-membered macrolide lactone
produced by Streptomyces tsukubaensis®l the powerful immu-
nosuppressive effect of which relies on the disruption of sign-
aling events mediated by calcineurin in T lymphocytes.’”! FK506
and other immunosuppressants require frequent monitoring
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Scheme 1. Synthesis of a) PFB-515 and b) PFB-641. a) (i) TFA, CH,Cly, Ar, rt; (ii) chloranil, CH,Cl,, rt; (iii) BF;-Et,O, EtsN, CH,Cl,, rt, and,

b) piperidine, toluene, reflux.

in transplanted patients because of the inter- and intrasubject
variability of the pharmacokinetics, and the diverse correla-
tion between the administered dose and the drug concentra-
tion in blood. The total concentration of FK506 in transplanted
patients’ blood must be kept between 5 and 20 ng mL™! to
maximize efficacy and minimize its side effects.’] Moreover,
this molecule displays a very narrow therapeutic window,!
further increasing the interest of developing (immuno)biosen-
sors for POCT.' However, the drug hydrophobicity makes it a
strong binder to serum proteins so that the FK506 free fraction
amounts to less than 0.5% of the total concentration in whole-
blood, a very relevant fact since its toxicity might be related
to the unbound fraction."] This is an additional nuisance if
microdialysis sampling for subsequent analysis is desired.'?!

Tacrolimus analysis in blood by immunoassays currently
include enzyme-linked type (ELISA),'3] microparticle enzyme-
linked immunoassays,'Y without or within a microfluidic
device,”” antibody-conjugated magnetic immunoassays,'® and
chemiluminescent enzyme immunoassays (CLIA).”] All these
methods require several steps and the use of reagents to quan-
tify the binding event (either an enzymatic reaction in ELISA,
or a chemiluminescent reaction in CLIA). The advantage of the
latter two is their high sensitivity; however, for (semi)contin-
uous monitoring, it would be desirable to have a method that
operates directly without the need of a revealing step.

Because fluorescence-based methods are extremely respon-
sive (down to single photon or single molecule detection) and
relatively easy to perform, they are ideally suited to analytical
applications that require high sensitivity and continuous moni-
toring.['®] In this paper we describe a novel versatile approach for
the determination of low drug levels by pooling at the same time
all of the strategies mentioned above, namely, highly fluorescent
dyes in the NIR region, embedded into magnetic nanobeads for
signal amplification through fluorophore and particle accumu-
lation, and combined with a Forster resonance energy transfer
(FRET) between the dyes to achieve a large spectral separation
between the excitation light and the fluorescence readout.

2. Results and Discussion

2.1. Fluorescent Labels

A suitable scaffold to build very brilliant dyes that combine a
high fluorescence quantum yield with a strong absorption of
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light is the boron-dipyrromethene (“BODIPY”) chromophore
(Scheme 1).') The simplest BODIPY core displays absorp-
tion and emission bands centered at =500 and 510 nm, respec-
tively, with fluorescence quantum yields approaching unity and
absorption coefficients (g) close to 10° L mol™ cm™.1" The ver-
satile chemistry of BODIPY dyes allows introduction of addi-
tional 7-conjugated units, with the consequent bathochromic
shift of the absorption and emission bands while maintaining
its strong fluorescence largely intact.?” This is an important
feature to prepare fluorescent labels that operate in the near
infrared region of the electromagnetic spectrum (650-900 nm)
where interference from the light scattering is at its lowest. In
addition, BODIPYs are insensitive to the solvent polarity and
pH (unless they bear ad-hoc substituents), display sharp excita-
tion and emission peaks contributing to increase their bright-
ness, have a significant photochemical stability, and possess
good solubility in many organic solvents.

A relevant drawback of BODIPY dyes for fluorescent labe-
ling is their very small Stokes shifts (typically 10-20 nm),
making it difficult to suppress the interference from the excita-
tion light scattering. This is particularly relevant to the design
of immunoassays on chip platforms, a format that usually
employs laser excitation sources and plastic materials. An ele-
gant way to circumvent this problem is the realization of intra-
molecular FRET dyads or “cascades,” in which the excitation
energy can be transferred from one BODIPY dye to a second
one (or more), displaying a larger virtual Stokes shift. FRET
is also possible between donor and acceptor molecules coen-
capsulated into nanoparticles.*»?!l The hydrophobic nature of
BODIPY dyes allows their straightforward immobilization into
latex (polystyrene) beads by swelling them in an organic sol-
vent in the presence of the dye and subsequent shrinking.?
Additionally, if the selected polystyrene beads include a mag-
netic core or are decorated with ferrite nanograins, they will
enable their concentration onto the detection region, facili-
tating also the incubation-separation procedures required in
any immunoassay.

For preparing our fluoromagnetic nanobeads, we first
proceeded with the selection of the fluorophores for encap-
sulation. Taking into account their very apt properties
discussed above, we designed two BODIPY dyes for intra-
particle FRET (Scheme 1), i.e., a perfluoro BODIPY donor
(PFB-515) and an acceptor (PFB-641) one, the latter with a
m-extended scaffold for absorption and emission in the NIR
region. The donor (D) and acceptor (A) dyes incorporate a
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Figure 1. Normalized absorption and fluorescence of PFB-515 (pink;
Aex =485 nm) and PFB-641 (blue; A, = 590 nm) in EtOH (cgpe =1 um).

pentafluorophenyl substituent in the meso position. Such
highly electron withdrawing unit confers BODIPY dyes a
higher fluorescence quantum yield, longer emission life-
time, and bathochromic shifts in absorption and emission
maxima with respect to the parent meso-phenyl derivative.?*!
To accomplish an efficient FRET process, we also have to
keep in mind that the selected dyes must display the largest
possible spectral overlap between the emission of D and the
absorption of A.

The PFB-515 and PFB-641 boron-dipyrromethene dyes were
synthesized following similar procedures to those described
in the literature (Scheme 1).*4l After chromatographic purifi-
cation, the dyes were spectroscopically characterized to verify
their fitness-to-purpose (Figure 1 and Table 1). The typical n—n*
absorption and emission maximums of BODIPY dyes appear
at 515 and 525 nm, respectively, for PFB-515 in ethanol, with
a remarkable fluorescence quantum yield (®f = 0.87) and a
rather long decay time (6.2 ns) for this type of dyes due to the
electron-withdrawing effect of the perfluorinated phenyl ring.
In the same solvent, PFB-641 shows maximums at 641 nm
(absorption) and 657 nm (emission), a ®¢ of 0.73, and a fluo-
rescence lifetime of 4.0 ns, a lower value than that of PFB-515
due to the much smaller excited state-ground state energy gap
of the former.

Figure 1 demonstrates the significant spectral overlap
between the emission of PFB-515 and the absorption of PFB-
641. In order to calculate it and, in this way, how effective the
FRET process results, the spectral overlap integral J(A) and the
Forster distance (R,, also called “critical quenching radius,”
namely, the donor—acceptor distance at which the probability
of the excited donor to fluoresce is equal to the probability
of energy transfer to the acceptor) were determined using
Equations (1) and (2)!’)

- o B (M)ea(2)2"da
J(A)= [TE(A)ea()A*da= AT (1)
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Table 1. Photophysical data of the BODIPY dyes (1 pum) in air-equili-
brated ethanol at 25 °C.

Dye Ao M} e T em T Ay [nm]) @@ t[ns]?
PFB-515 515 6.0 x10*P) 525 0.87 6.2
PFB-641 641 9.4x10%9 657 0.73 4.0

AL+ 0.5 nm; Pe £ 3000 M~ cm™'; Ve + 12 000 M~ cm; DFluorescence quantum
yields determined using rhodamine 123 (®¢= 0.90 in EtOH (A, = 485 nm)“! and
oxazine 170 (d¢= 0.579 in EtOH, A, = 610 nm)tZ as reference dyes for PFB-515
and PFB-641, respectively; the uncertainty in the ®¢ determination is below 5%;
€+ 0.1 ns.

Ro/nm =2.108 x 107

. ) 16 (2)
{chl)%n’4 Jl) Fy(A)[€4(2)/dm*mol 'em™ ](A/nm) d/l}

In Equation (2), x is the is the dipole orientation factor
(which is usually assumed to be equal to (2/3)!/? for randomly
oriented transition dipole moments of the dyes), ®p° is the fluo-
rescence quantum yield of the donor in the absence of acceptor,
N is the Avogadro's number, n is the average refractive index of
the medium in the wavelength range where the spectral overlap
occurs, Fp(A) is the normalized spectral fluorescence radiant
intensity of the donor so that J.:FD(/l)d);l, and g,(A) is the
molar decadic absorption coefficient of the acceptor at A.

The calculated overlap integral for our D/A pair in ethanol
(n = 1.361112%) is 1.35 x 10" m~! cm™! nm*, yielding a Forster
distance of 5.2 nm, a similar value for instance to those
reported for the popular fluorescein isothiocyanate—tetramethy-
Irhodamine FRET pair (4.9-5.4 nm).’”} The energy transfer
rate, kr(r), is given by 1/7p when the D-to-A distance (r) is equal
to Ry. Therefore, when the energy transfer efficiency is 50%,
kr amounts to 1.6 x 108 s71,

2.2. Fluorescent Doping of Magnetic Nanoparticles (NPs)

Commercial carboxylated magnetic nanospheres (Estapor,
Merck Millipore) of 300 nm diameter (as per dynamic light scat-
tering measurements from the manufacturer), were selected as
the nanoparticle platform suitable for immunoassays (300 nm
was a compromise between large enough particles for significant
magnetic attraction, but small enough to keep a good surface-
to-volume ratio). The Estapor polystyrene nanospheres are dec-
orated with =55% (by weight) of ferrite nanograins (=8-10 nm
size, as shown by transmission electron microscopy, Figure 2)
that confer them superparamagnetic properties. Carboxylic
functionalization of the NPs surface (148 peq CO,H/g) was
chosen to allow facile bioconjugation with the detection (IgG
anti-IgM) antibodies (see Section 2.5).

For fluorescent doping of the NPs, optimization of the dye
loading was performed in the first place. The magnetic beads
were loaded with either PFB-515 or PFB-641, and different
batches were prepared by increasing the concentration of each
dye in the loading solution. According to the method we have
developed, the commercial aqueous suspension of magnetic
particles is first diluted with water and then tetrahydrofuran
(THF) is added to swell the polystyrene core. Swelling allows easy
diffusion of the hydrophobic dyes into the polystyrene matrix

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Excitation and emission spectra of suspensions of magnetic
nanoparticles doped with either PFB-515 (3.2 nmol dye/mg NPs; 4., =
495 nm, Aey, =570 nm, in pink color) or PFB-641 (3.0 nmol dye/mg NPs;
Aex = 590 nm, Ao, = 715 nm, in blue color) in water. The inset shows a
TEM image of the PFB-641-doped magnetic nanoparticles (batch “b” of
Table 2).

outermost surface. Immediately after, a THF solution of the
corresponding PFB dye is added. After vortex stirring, the par-
ticles are thoroughly washed with water with the aid of a neo-
dymium magnet to keep them in the tube, and resuspended in
the same solvent. Although the amount of PFB dye was varied
for the different batches, the total amount of THF was always
kept at 250 UL per mL of water in order to ensure reproduc-
ible swelling of the polystyrene fluoromagnetic nanoparticles
(FMNPs).

As shown in Figure S1 in the Supporting Information for
FMNPs containing PFB-641 (this study was only performed
with the acceptor dye), an increase of the dye loading yields
a small red shift of its emission maximum, together with a
decrease of its fluorescence lifetime. The emission red shift

www.small-journal.com

might be attributed to the fact that a larger number of dye mol-
ecules per FMNP leads to stronger inner-filter effect due to the
very small Stokes shift of the dye, apparently moving up its
fluorescence maximum.?®! The same effect is observed upon
increasing the dye concentration in solution. The fluorescence
intensity of the FMNPs levels off at =5 nmol of PFB-641 per mg
of MNPs (Figure Slc, Supporting Information).

Table 2 shows the emission lifetimes measured for different
batches of fluorescent NPs in aqueous suspension. Although
the emission decay of the free dyes in ethanol is purely expo-
nential, the fluorescence decay of the NPs always obeyed
multiexponential kinetics. To be able to compare the different
systems, we calculated the so-called preexponentially weighted
fluorescence lifetimes (t,,, Table 2).?l Calculation of t,, allows
a more robust comparison of heavily nonexponential decays, as
it removes the uncertainty of the parameters of the fit (preexpo-
nential factors and lifetimes) caused by their important covari-
ance.?% The robustness of 7., lies on the fact that it is also equal
to the area under the decay curve divided by the y-intercept, so
that it is independent of any fit.3!

The 7, of the FMNPs doped with PFB-641 (4. = 640 nm;
Aem = 680 nm) decreases from 1.97 to 1.29 ns as the concentra-
tion of the fluorophore increases (Table 2), being those values
always lower than the emission lifetime of the free dye in eth-
anol diluted solution (4.0 ns). The same effect is also evident
in the case of the MNPs loaded with PFB-515 (A = 463 nm;
Aem = 550 nm): 7., decreases from 2.16 to 1.85 ns upon an
increase of the immobilized dye concentration (6.2 ns for the
dye in solution). The emission lifetime decline after immo-
bilization and upon increasing the immobilized dye concen-
tration is in agreement with the changes observed by other
authors: when a high number of fluorophores are encapsu-
lated into an NP, the high local concentration of dyes favors
formation of short-lived fluorescent aggregates.’®! Moreover,
the observed concentration quenching might be due to the
Fe;0, grains embedded into the polystyrene surface. It has

Table 2. Fluorescence lifetimes of different batches of dye-loaded magnetic nanoparticles in aqueous suspension at (25 + 1) °C.

Batch PFB-515/-641 [10~ mol?] s Aem [NM] 7 [ns] (9%8,)") 7, [ns] (96By)") 73 [ns] (96Bs)") Ty [ns]9
FMNP-641a N5 640/680 0.61 (34.7) 2.60 (62.4) 4.36 (2.9) 1.98
FMNP-641b -/3.0 640/680 0.87 (50.6) 2.66 (49.0) 7.67 (0.4) 1.77
FMNP-641c -/6.0 640/680 0.44 (36.7) 1.69 (41.6) 3.16 (21.7) 1.55
FMNP-641d -75 640/680 0.45 (39.0) 1.72 (49.6) 330 (11.3) 1.40
FMNP-641e -/9.0 640/680 0.47 (52.8) 1.94 (41.5) 3.84 (5.8) 127
FMNP-641f -n2 640/680 0.42 (43.5) 1.69 (47.4) 3.37 (9.1) 1.29
FMNP-641g -5 640/680 0.43 (37.4) 1.73 (51.7) 331 (10.9) 1.41
FMNP-515a 3.2/- 463/550 0.93 (59.8) 3.81 (39.6) 15.7 (0.6) 2.16
FMNP-515b 4.8)- 463/550 0.68 (64.7) 3.57 (32.8) 9.61 (2.5) 1.85
FMNP-ETa 4.8/4.8 463/550 53 (85.6) 4.43 (13.8) 17.2 (0.5) 1.76
FMNP-ETa 4.8/4.8 463/680 1.02 (52.1) 2.79 (47.7) 16.1(0.2) 1.89
FMNP-ETb 6.4/3.2 463/550 0.67 (84.2) 4.30 (15.2) 16.1 (0.6) 132
FMNP-ETb 6.4/3.2 463/680 1.27 (45.1) 3.01 (54.7) 18.4 (0.2) 2.25

AMoles of dye per mg of MNPs (dry weight); ®)/; (¢ A+ZB exp(—t/t;), where %B, = B; ><'|00/ZB T, = ZB 7,/100.
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been demonstrated that nanoparticulated Fe;O, is an efficient
quencher of the BODIPY fluorescence by photoinduced elec-
tron transfer from the excited state of the latter to an unfilled
d orbital of the Fe!" atoms of the metal oxide.?2 Therefore, the
higher the concentration of surface-embedded dye, the larger
the number of molecules next to the surface Fe;O, nanograins
leading also to the observed fluorescence lifetime quenching.

Excitation and emission spectra in water for the particles
loaded with PFB-515 or PFB-641 are shown in Figure 2. As dis-
cussed above, compared to the free dyes in diluted ethanol solu-
tion (Table 1), the spectral maxima of the FMNPs are consider-
ably red shifted in all cases. For example, A,/ Aer, are 515/525 nm
for PFB-515 in ethanol but 521/535 nm for the FMNPs doped
with PFB-515 at 6.4 nmol mg™ MNPs; A,;,c/Acm are 641/657 nm
for PFB-641 in ethanol but 653/668 nm for FMNPs doped
with PFB-641 at 3.0 nmol mg™! MNPs. Because the absorp-
tion and emission maxima are red shifted synchronously
upon immobilization, the D-A spectral overlap is also large
for an efficient FRET into the dye-doped NPs. Therefore, we
should observe sensitized emission of PFB-641 at A > 650 nm
by exciting the donor PFB-515 around 500 nm. In this way,
a virtual Stokes shift larger than 150 nm can be achieved so
that suppression of the disturbing scattering effects and, con-
sequently, enhancement of the immunoassay sensitivity should
be feasible. In order to confirm these predictions, magnetic
NPs doped with mixtures of PFB-515 and PFB-641 were pre-
pared. It is important to mention that both dyes are readily
coencapsulated into the polystyrene matrix because they have
similar polarity.

2.3. Preparation of the FRET Magnetic NPs (MNPs)

The Estapor magnetic nanoparticles were simultaneously
doped with PFB-515 and PFB-641 for obtaining the sought
intraparticle FRET system. The proper acceptor dye concentra-
tion was determined as described above for the PFB-641-doped
FMNPs to find out that =5 nmol of PFB-515 per mg of
MNPs provided the maximum emission intensity. Keeping
constant the total amount of immobilized dye molecules at
=10 nmol mg' MNPs, the PFB-515 to PFB-641 mole ratio
was varied from 1:1 to 2:1 in order to investigate the effect
of the relative amount of A with respect to D; the results are
shown in Figure S2 in the Supporting Information. In spite
of the smaller number of A molecules, we can observe that
an increase of the D/A ratio leads to higher fluorescence from
the acceptor dye, meaning that the FRET process is improved
due to the presence of more “antennas.” This enhancement
is confirmed in the excitation spectra (Figure S2, Supporting
Information) and in the study of the fluorescence lifetimes (see
below). Therefore, a 2:1 D/A mole ratio was chosen for prep-
aration of the optimized FRET-based MNPs that were finally
used for the bioconjugation.

Next, two D/A ratios were tested to confirm the improved
FRET efficiency in the FMNPs (Table 2). To determine the
emission lifetimes of the latter, the same excitation wavelength
was always employed (463 nm, absorption of the donor), while
the fluorescence was monitored at two different wavelengths
(550 nm emission from D or 680 nm emission from A). In
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every case, and although the fluorescence lifetime of PFB-641
is shorter than that of PFB-515 (4.0 and 6.2, respectively, see
above), the lifetimes measured at 680 nm (1.89 and 2.25 ns for
D/A 1:1 and 2:1, respectively) are longer than those measured
at 550 nm (1.16 and 1.32 ns for D/A 1:1 and 2:1, respectively)
(Table 2), indicating the occurrence of the FRET process. These
results confirm that a higher relative amount of donor dye (D/A
2:1 vs 1:1) leads to a longer-lived acceptor species, suggesting
a more efficient FRET quenching and lending support to the
results of the fluorescent intensity measurements discussed
above.

2.4. Coupling of Capture Antibodies to the Fluoromagnetic
Nanoparticles

The selected FRET-based fluoromagnetic nanoparticles
(FMNP-ETD, Table 2) were conjugated to different capture
antibodies after activation of the former with the classical
1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC)/
sulfo-N-hydroxysuccinimide (NHS) combination in 2-(N-mor-
pholino)ethanesulfonic acid hydrate (MES) buffer (Figure 3).
Then, they were washed with phosphate-buffered saline Start-
ingBlock™ blocking buffer containing sodium dodecylsulfate
(PBSSDS) and incubated in the same buffer with the required
capture antibody to Tacrolimus. Additionally, some FMNPs
were functionalized with neutravidin to be used as positive
or negative control in the immunoassays. Efficient conjuga-
tion of the IgG anti-IgM antibodies to the fluoromagnetic NPs
was confirmed by a magnetic bead-based enzymatic assay,’!
using a microplate fluorescence reader, horseradish peroxi-
dase (HRP)-labeled anti-IgG, and the commercial Amplex
Red Hydrogen Peroxide/Peroxidase Assay Kit (Figure S3, Sup-
porting Information). The very small response obtained for
FMNPs coated with neutravidin (negative control) confirms the
selectivity of the assay.

2.5. FMNPs-Based Competitive Immunoassay for Tacrolimus

Determination of the immunosuppressant used to test the
FRET-based fluoromagnetic nanoparticles is based on a
competitive (inhibition) assay between a suitable derivative
of Tacrolimus (FK506-CO,H) immobilized onto the glass
bottom surface of the microwells, and Tacrolimus present in
the sample, for a limited number of antibody (Ab) binding
sites (Figure 4). In order to achieve a defined and suffi-
ciently high density of immobilized haptens without loss of
their biological activity, the glass wells were functionalized
with either 3-aminopropyltriethoxysilane (APTES) or poly-L-
lysine. Figure S4 in the Supporting Information shows that
the latter provides significantly lower background (measured
in the absence of anti-FK506 antibody) while the fluorescence
is high and reproducible, so that it was selected for further
experiments.4

The fluorescence data were plotted as the B (fluorescence
signal in the presence of FK506) to B, (fluorescence signal in
the absence of the analyte) ratio against the FK506 concentra-
tion on a logarithmic scale (Figure 5). The experimental points
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Figure 3. Workflow of the protocol followed to couple the carboxylated fluorescent magnetic nanoparticles to the detection antibodies using the EDC/

sulfo-NHS method.

are fitted (Systat Sigma Plot v.12) to a four-parameter sigmoidal
logistic equation (Equation (3))1*!

B Amax - Amin
B, ([FK506]Y + B 3
O B )
ICso

where A, and A, are the asymptotic maximum and min-
imum of the normalized signal, respectively, b represents the
slope of the curve at the inflection point, and ICj is the concen-
tration of analyte at the inflection point (concentration giving
50% inhibition of A,,,,). The LOD was calculated as the analyte
concentration for which the tracer binding to the antibody is
inhibited by 10%, and the dynamic range of the method corre-
sponds to the analyte concentrations that produce a normalized
response in the 20-80% range.

Figure 5 shows the competitive inhibition curves obtained
using FK506 standard solutions in the 0.01-7500 ng mL~!
range. When the signal was acquired in the FRET mode, i.e.,
upon excitation at the donor absorption wavelength (525 nm)
and monitoring the sensitized emission of the acceptor at
680 nm, the LOD and ICs, values obtained were 0.08 and
0.47 ng mL™!, respectively, with a dynamic range of
0.15-2.0 ng mL~!. However, when the direct excitation mode
was used, i.e., by illuminating at the acceptor absorption
(638 nm) and monitoring its fluorescence at 680 nm (without
any FRET), the signal background was found to be signifi-
cantly higher. Thus, both the LOD (0.27 ng mL™) and the ICs,
value (23 ng mL™!) were higher, with a dynamic range between
4.1 and 130 ng mL~%.

The last recommendation of a panel of European experts on
Tacrolimus is the development of analytical methods featuring
a limit of quantification up to 1 ng mL™ in order to provide reli-
able concentrations during low-dose Tacrolimus therapy.’®! In
this context, the proposed system would be sensitive enough to
quantify Tacrolimus in real samples given its insensitivity to the
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sample fluorescence background. Even more, compared to pre-
viously reported fluoroimmunoassays for Tacrolimus, the novel
FRET-based fluoromagnetic nanoparticles showed similar®”! or
superior3® performance in terms of sensitivity.

3. Conclusion

Carboxylated polystyrene nanoparticles decorated with ferrite
nanograins have been successfully doped with highly fluores-
cent BODIPY dyes using a simple straightforward protocol. The
particles have been produced either with i) a single BODIPY
dye, suitable for excitation with a 532 nm green laser diode or
for excitation in the red (e.g., 635 nm), or ii) with a mixture of
both BODIPY dyes to obtain an efficient FRET that allows for
a virtual Stokes shift larger than 150 nm. The resulting doped
fluoromagnetic nanoparticles (=300 nm diameter) are stable in
water and the dyes do not leach out of the polystyrene matrix
in aqueous buffered solution. They are significantly brilliant,
a remarkable feature taking into account the brown-colored
ferrite layer that covers its polystyrene core. The presence of
—CO,H groups on the surface allows further bioconjugation,
demonstrated with a successful immunoassay for the immu-
nosuppressive Tacrolimus drug based on nanoparticle-bound
IgG anti-IgM antibody as detection probe. The assay sensitivity
significantly improves when measuring in the FRET mode with
excitation in the blue—green and fluorescence detection in the
near infrared, compared to the same nanoparticle-based immu-
noassay carried out in conventional fluorescence mode (even
with excitation in the red at 638 nm). Additionally, more than
two dyes with suitable absorption/emission features might
be loaded into the nanoparticles to perform FRET “cascades”
with an even larger virtual Stokes shift. The novel FRET-based
fluoromagnetic nanoparticles pave the way to develop point-of-
care-testing immunobiosensors on a chip due to the stringent
requirements of the latter (small volume, analysis turnover
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Figure 4. Tacrolimus immunoassay protocol summary: 1) mixing and incubation of sample and IgM anti-FK506 antibody into (FK506-CO,H)-bound
microwell; 2) wash out of the bioreagents excess; 3) incubation with FMNP-ETb functionalized with the detection IgG anti-IgM antibody, second wash,

and fluorescence measurement.
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2.5 ug mL™" of anti-FK506 and 2.5 pug mL™" of anti-biotin (positive con-
trol) antibodies. Tracer solution is a mixture of 3 ug mL™" of fluorescently
encoded magnetic nanospheres decorated with either anti-IlgM or anti-
1gG (positive control) (n = 3). Results obtained when the FMNPs were
excited at the 525 nm donor absorption (in black), or when the FMNPs
were directly excited at the 638 nm FPB-641 absorption (in red). In both
cases, fluorescence was monitored at 680 nm.
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time, low background for laser interrogation, chip and optical
fiber materials, etc.).l*"]

4. Experimental Section

Materials: All reagents were provided by commercial suppliers and used
without further purification. Pentafluorobenzaldehyde (=98%) was from
Alfa Aesar; 2,4-dimethyl-1H-pyrrole (97%), tetrachloro-p-benzoquinone
(chloranil)  (99%), boron trifluoride diethyl etherate (246.5%)
solution, dichloromethane (synthesis grade), benzaldehyde (98%),
and piperidine (99%) were from Acros Organics; triethylamine (299%)
was from Riedel-de Haén, and trifluoroacetic acid and toluene were
from Sigma-Aldrich. The magnetic nanospheres (Estapor, Merck
Millipore), supplied as aqueous suspension with a solid content of
10% by weight, have a mean diameter of 301 nm (manufacturer value
obtained by dynamic light scattering), a magnetite content of 54.1%
w/w (dry weight), and a concentration of —-CO,H surface groups of
148 peq g7'. Tacrolimus (FK506, +98%) was provided by Sinoway
Ind. Co. (China). EDC, NHS, MES, D-biotin, APTES, and poly-L-Lysine
0.1% w/v were from Sigma-Aldrich. HPLC-grade ethanol was supplied
by Panreac Quimica. Phosphate-buffered saline (PBS, 100 x 1073 wm),
molecular biology grade water, sodium dodecyl sulfate solution (SDS,
20%), and Tween-20 (T20) were purchased from Sigma-Aldrich and
sodium hydroxide solution (5N, certified) was from Fisher Scientific.
PBS Protein-free blocking buffer, PBS StartingBlock blocking buffer
(PBSS), TBS StartingBlock blocking buffer (TBSS) were from Thermo
Scientific. PBSSDS buffer was prepared with 100 x 10 wm PBS,
100 x 10 m NaCl, and 0.01% SDS, at pH 7.2; PBSTM buffer was
prepared with 10 x 107 m PBS, 0.05% T20, and 0.3% w/v of powdered
defat milk, at pH 7.4. Mouse monoclonal immunoglobulin M (IgM) and
antibodies raised against FK506 (anti-FK506 Ab) were supplied by Santa
Cruz Biotechnology. 1gG fraction monoclonal mouse against biotin
(anti-biotin Ab), affinity-purified rabbit anti-mouse 1gG, and affinity-
purified donkey antimouse IgM antibodies were purchased from Jackson
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ImmunoResearch. Biotin and Tacrolimus stock solutions were prepared
in dimethylsulfoxide (1 mg mL™") and stored at —20 °C. Tacrolimus
standard solutions for calibration purposes were prepared daily upon
dilution of the stock solutions in PBS (10 x 107 wm, pH 7.4). Water
was purified with a Direct-Q3-UV system (Merck Millipore). 96-well
glass-bottom MatriPlates (630 UL per well) black plates were from GE
Life Sciences (Pittsburgh, PA).

Instrumentation: "TH NMR spectra were recorded on a Bruker Avance
DPX 300MHz-BACS60 spectrometer (UCM Central Instrumentation
Facilities). NMR chemical shifts were expressed relative to the signals
of the nondeuterated traces of the solvent (CDCl; at 7.24 ppm). Mass
spectra were obtained either with a Bruker HCT Ultra (ESI) or an
ULTRAFLEX matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF/TOF)  spectrometer (UCM Central Instrumentation
Facilities). Transmission electron microscopy measurements were
carried out with a JEOL JEM 2100 (200 kV) at the ICTS Centro Nacional
de Microscopfa (Madrid, Spain). UV-vis absorption spectra were
recorded with a Varian Cary 3-Bio spectrophotometer. Steady-state
emission measurements were carried out on a Horiba Fluoromax-
4TCSPC spectrofluorometer equipped with a 150 W xenon lamp for
the steady-state spectral recordings. For time-resolved fluorescence
determinations, either a Horiba Fluoromax-4TCSPC instrument or a
FLS980 fluorescence spectrometer (Edinburgh Instruments, with double
monochromator in the emission channel) were employed. In both
cases, a Horiba NanoLED-470LH laser diode (463 nm, 1 ns pulses)
for PFB-515, and Horiba NanoLED-635L laser diode (peak at 640 nm,
250 ps pulses) for PFB-641 were used. In the case of the Fluoromax-
4TCSPC, the emitted light was filtered through 475 and 495 nm long-
pass filters for the PFB-515 dye, and through a 665 nm long-pass filter
for the PFB-641 fluorophore. Fluorescence decays were measured with
a 50, 100, or 200 ns window (4096 channels), after accumulating at
least 20 000 counts in the peak channel, with a 500 kHz repetition rate.
Emission lifetimes were extracted from the exponential curve fittings
using the proprietary Horiba or Edinburgh Instruments algorithms
(with deconvolution of the instrumental response function). Any
observed decay component equal to or below the laser pulse width was
discarded. The goodness-of-the-fit of the exponential decays was judged
by visual inspection and the reduced chi-squared parameter (yg? < 1.5)
of the residuals. All emission measurements were carried out under
air using optically diluted samples (A, < 0.1). For fluorescence-based
immunoassays in a microplate, a fluorescence reader (CLARIOstar,
BMG Labtech) was employed; instrument control and data processing
were performed with the manufacturer original software (MARS).

Synthesis of PFB-515 (4,4-difluoro-1,3,5,7-tetramethyl-8-
pentafluorophenyl-4-bora-3a,4a-diaza-s-indacene): 647 mg  of
pentafluorobenzaldehyde (3.30 mmol) and 924 mg of 2,4-dimethyl-1H-
pyrrole (9.71 mmol) were dissolved in CH,Cl, (5 mL) under argon. Then
a few drops of trifluoroacetic acid were added. The reaction mixture
was kept in the dark and stirred for 4 h at room temperature until the
aldehyde was consumed (monitored by thin-layer chromatography
(TLC)); In the next step, oxidation of the intermediate was performed by
adding 789 mg of tetrachloro-p-benzoquinone (chloranil) (3.21 mmol)
dissolved in CH,Cl, (30 mL). The reaction mixture was stirred for
1 h. Finally, 6.63 mL of a solution of boron trifluoride diethyl etherate
(52.33 mmol) were added together with 6.46 mL of triethylamine
(46.35 mmol). The reaction was stirred for two additional hours. The
crude reaction mixture was washed with H,O and extracted with CH,Cl,,
the organic phase was dried with MgSO, and the solvent was removed
under reduced pressure. The crude product was first purified with flash
column chromatography on silica gel (hexane-ethylacetate with 15:1 to
9:1 v/v gradient) and then on neutral aluminum oxide (hexane-ethyl
acetate with 33:1 to 18:1 v/v gradient). PFB-515 was obtained as orange
crystals with a green glow (205.0 mg, 15% yield). A,,s = 515 nm (EtOH);
"H NMR (Figure S5 (Supporting Information); 300 MHz, CDCls, §):
1.62 (s, 6H, CHs), 2.57 (s, 6H, CH;), 6.06 (s, 2H). '9F NMR (Figure S6
(Supporting Information); 282 MHz, CDCl;; 6 from CFCl;): —140.33 (dd,
2F, 3 = =21.5 Hz; 4/ = 7.1 Hz), —146.84 (q, 2F, "Jr_s@®P) = 32.0 Hz),
~151.56 (t, 1F, 3 = =19.7 Hz), —160.58 (m, 2F). MS (ESI*)(Figure S7,
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Supporting Information): m/z [M + Na]* caled. for [C;9H,BF;N;, + NaJ*,
437.103; found, 437.105.

Synthesis  of  PFB-G41  (4,4-difluoro-1,7-dimethyl-3,7-distyril-8-
pentafluorophenyl-4-bora-3a,4a-diaza-s-indacene): 51.81 mg of PFB-515
(0.13 mmol), 0.040 mL of benzaldehyde (0.36 mmol), and piperidine
0.025 mL (0.26 mmol) were dissolved in anhydrous toluene (2 mL) under
argon. The reaction mixture was refluxed for 24 h protected from light.
The crude product was cooled to room temperature and the solvent was
removed under vacuum. Purification was carried out by silica-gel column
chromatography (hexane-dichloromethane with 1:0 to 2:1 v/v gradient).
PFB-641 was obtained as a dark blue solid (6.81 mg, 13% yield). A, =
641 nm (EtOH); "H NMR (Figure S8 (Supporting Information); 300 MHz,
CDCly, 8): 1.57 (s, 6H, CH3), 6.74 (s, 2H) 7.30-7.47 (m, 8H, CH,, and
CH=CH), 7.63-7.81 (m, 6H, CH,, and CH=CH). MS (MALDI-TOF)
(Figure S9, Supporting Information): m/z [M*] calcd. for C33H,,BF;N,,
590.18; found, 589.99.

Once prepared, the dyes were stored in the solid state at 2 °C in the
dark.

Synthesis of Carboxylated Tacrolimus: Carboxylated Tacrolimus (FK506-
CO,H) was prepared according to Cafiadas et al.*9l by reaction of
commercial Tacrolimus with carboxymethoxylamine hemichlorhydrate
in anhydrous methanol, in the presence of sodium acetate, as shown
on Scheme S1 in the Supporting Information. Confirmation of the
correct functionalization of Tacrolimus was provided by comparison of
the corresponding *C NMR spectra (Figures S10 and S11, Supporting
Information) as well as from the mass spectrum of the carboxylated
Tacrolimus (Figure S12, Supporting Information).

Fluorescent Doping of the Magnetic Nanoparticles: The carboxylated
magnetic nanobeads were doped with either PFB-515 or PFB-641, and
different batches with increasing dye concentrations were generated. In
a general protocol, the commercial aqueous suspension of magnetic
particles (100 pL) was diluted with water (900 pL) and then THF was
added. Immediately after, a volume of the corresponding PFB dye
solution in THF was incorporated. For the PFB-641 dye, 39, 78, 156, 195,
or 234 uL of a 3.84 x 107 m stock (samples a to e), and 200 or 250 uL of
a6 x 107 m stock (samples f and g) were used; in the case of the FMNP-
515 a and b samples, 67 or 125 puL of a stock solution of PFB-515 in
THF (csiock = 3-85 x 1074 M) were added, respectively. The corresponding
mixture was stirred in a vortex for 1 h at 600 rpm and, finally, the particles
were washed three times with H,O with the aid of a neodymium magnet
to keep them on the tube wall, and resuspended in 1.7 mL of the same
solvent. No fluorescence in the supernatant was detected after the third
washing indicating the absence of dye leaching. The NP suspensions
were stored at 4 °C in the dark. The amount of PFB dye was varied in
the different batches, but the total amount of THF was always kept at
250 uL mL™" of H,O in order to ensure a reproducible swelling of the
polystyrene MNPs. The optimal dye concentration was determined for
the PFB-641-doped FMNPs: =5 nmol dye per mg of NPs provided the
maximum fluorescence intensity (Figure S1c, Supporting Information).

For preparing the FRET FMNPs, the Estapor beads were doped with
both PFB-515 and PFB-641 dyes in a 1:1 or 2:1 (PFB-515/PFB-641) mole
ratio. The optimal dye concentration was determined as described above
for the PFB-641-doped FMNPs (=5 nmol mg™' of FMNPs provided
the maximum emission intensity). Keeping constant the total amount
of immobilized dye molecules at 9.6 nmol dye per mg of MNPs, the
following protocol for the MNPs doping was employed: a) 100 L of the
commercial MNP suspension (¢y = 100 mg mL™") were diluted to T mL
with water; b) after adding THF, the suspension was vigorously shaken
for a couple of seconds; ) the corresponding volume of a stock solution
containing already a mixture of the PFB dyes in THF was added (for the
“FMNP-ETa” NPs, a 1:1 mixture containing 125 pL of PFB-515 dye +
125 pL of PFB-641 was added; for the “FMNP-ETb” NPs, a 2:1 mixture
containing 167 uL of PFB-515 + 83 pL PFB-641 was used; in all cases,
the cPFB, o was 3.85 X 107 wm); the total volume of THF was always kept
at 250 uL mL™" H,0; d) the mixture was shaken in a vortex for 3 h at
800 rpm; e) the FMNP suspensions were stored at 4 °C in the dark.

Coupling of the Fluoromagnetic Nanoparticles to Capture Antibodies:
The selected magnetic FRET nanoparticles (FMNP-ETb, those doped
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with a 2:1 PFB-515/PFB-641 mole ratio) were coupled to the different
capture antibodies as follows: 50 pL of fluorescent nanoparticles
suspension (containing approximately 0.2 mg of dry nanoparticles) was
washed three times with 500 pL portions of MES buffer (0.1 m MES,
0.15 m NacCl, 0.01% SDS, pH 5.7). The nanoparticles were then activated
in 1 mL of MES buffer containing 102 x 10 m EDC and 112 X 1073 w
sulfo-NHS for 2 h at room temperature in the dark. After activation,
the microspheres were washed three times with 500 UL portions of
PBSSDS buffer. Then they were incubated in 300 uL of PBSSDS buffer
containing 60 ug of capture antibody (either anti-mouse IgM or anti-
mouse IgG as positive control) for 4 h at room temperature in the dark.
After incubation, the microspheres were washed three times with 500 pL
portions of TBSS buffer, and blocked in 1 mL of TBSS buffer for 1 h at
room temperature in the dark. After washing three times with 500 uL
portions of TBSS buffer, the microspheres were stored in 100 uL of
TBSS buffer at 4 °C, protected from light. Additionally, another batch of
magnetic nanoparticles were functionalized with neutravidin to be used
as positive or negative control in the forthcoming experiments.

Functionalization of the Microwell Plates Bottom with Tacrolimus:
The 96-well glass-bottom plates were previously cleaned with Alconox
(Sigma-Aldrich), thoroughly washed with Milli-Q water, and rinsed
with 96% ethanol. Then, 500 pL of a solution containing 2% APTES
in ethanol-water (95:5, v/v) was added to each well and incubated for
1 h. The aminated slides were rinsed three times with clear ethanol
and stored at 4 °C in the same solvent until use. In the case of poly-L-
lysine coating, 500 pL of a solution containing poly-L-lysine 0.01% w/v
in water was added to each well of the cleaned plates and incubated
for 5 min. The coated slides were drained and dried at 60 °C overnight
and stored at room temperature. FK506-CO,H was immobilized onto
the aminated surfaces by adding 200 pL of a 100 ug mL™"' FK506-CO,H
solution containing 100 x 10~ m EDC and 50 x 1073 m NHS in MES buffer
(0.05 m, pH 6.0) into each well. After at least 4 h of incubation, the wells
were dumped and washed (3 x 0.5 mL) with MES buffer. As a positive
control, 60 g mL~"p-biotin was used instead of FK506-CO,H; the same
protocol but in the absence of FK506-CO,H was employed as negative
control. In all cases, the functionalized wells were blocked with PBSS
buffer for 1 h, rinsed with deionized water, dried under argon, and either
used immediately or stored at 4 °C.

Immunoassay Protocol: 150 uL of FK506 standard solution (in PBS)
was mixed with 50 uL of antibody solution (anti-FK506 or anti-biotin
antibody, 10 g mL™" in PBS); then, the mixture was incubated in the
FK506-coated well plates for 4 h. The wells were rinsed three times
with 0.4 mL portions of PBSTM buffer, and 200 uL of a PBS solution
containing 3 ug mL™" of fluoromagnetic nanoparticles functionalized
with the detection antibody (see below) was added to each well
and incubated for 3 h to reveal the surface-bound antibodies. A
neodymium magnet used during the incubation step drives them
to the bottom of the well, accelerating their binding to the IgM anti-
Tacrolimus antibodies attached therein during the assay. The unbound
nanoparticles were removed by rinsing with PBSTM (3 x 0.4 mL) before
the plate analysis.

Antibody Coupling to the Fluorescent Magnetic Nanoparticles:
The detection antibodies (IgG anti IgM) were coupled to the
carboxylated microspheres through the amine groups of the former
using a carbodiimide-mediated procedure. According to the Estapor
nanoparticles manufacturer, 50 Lg of antibody are required to generate a
monolayer of biomolecules on 1T mg of NPs. Unfortunately, nanoparticles
are usually prone to aggregation due to their high surface area/volume
ratio. Therefore, to avoid this problem and facilitate the complete
coverage of their surface, a large excess of antibody (60 pg) was coupled
to 0.2 mg of FMNPs using EDC/sulfo-NHS chemistry.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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