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We have characterized commercially available up-converting inorganic lanthanide phosphors for their
rare earth composition and photoluminescence properties under infrared laser diode excitation. These
up-converting phosphors, in contrast to proprietary materials reported earlier, are readily available to
be utilized as particulate reporters in various ligand binding assays after grinding to submicron parti-
cle size. The laser power density required at 980 nm to generate anti-Stokes photoluminescence from
these particulate reporters is significantly lower than required for two-photon excitation. The narrow
photoluminescence emission bands at 520-550 nm and at 650—670 nm are at shorter wavelengths and
thus totally discriminated from autofluorescence and scattered excitation light even without temporal
resolution. Transparent solution of colloidal bead-milled up-converting phosphor nanoparticles pro-
vides intense green emission visible to the human eye under illumination by an infrared laser pointer.
In this article, we show that the unique photoluminescence properties of the up-converting phosphors
and the inexpensive measurement configuration, which is adequate for their sensitive detection, ren-
der the up-conversion an attractive alternative to the ultraviolet-excited time-resolved fluorescence of
down-converting lanthanide compounds widely employed in biomedical research and diagnostics.
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INTRODUCTION

Immunoassays and other ligand binding assays re-
lying on identical principles are widely employed in
biomedical research and diagnostic medicine to measure
substances of biological interest [1,2]. These substances
include various proteins (e.g., antibodies, receptors and
enzymes), hormones (thyroxine, steroids and peptide hor-
mones), drugs, and even microorganisms (bacteria and
viruses), which can occur in blood and other biological
fluids at very low concentrations. The label-based ligand
binding methods have established their current position
by utilizing the structural specificity characterizing many
protein-binding reactions (e.g., the antibody—antigen in-
teraction) and the high-specific activity of non-isotopic la-
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bels (e.g., photoluminescent lanthanide chelates and time-
resolved fluorometry) enabling extremely low limit of de-
tection and wide applicability. The ideal label technology
for these methods is characterized by high signal-to-noise
ratio, absence of interfering compounds (in biological
samples), good stability (both reagents and signal), rapid
and robust signal generation and determination, and low
overall cost of the label and detection system [3].

In the immunoassay research there was a consider-
able pressure during the 1970s to find competitive non-
isotopic label substitutes for radioisotopes [4]. Originally,
the driving forces in the development were associated
with the weak suitability of the radioisotopes for au-
tomatic immunoassay analyzers due to the logistic and
quality-control problems arising from limited shelf-life
of the radiolabeled component, problems of radioactive
waste disposal, and the legal constrains due to the fear of
health hazards associated with radioactivity [5,6]. In the
1980s the development was promoted further by recog-
nition of the advantages of monoclonal antibodies [7-9]
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and the crucial importance of the specific activity of the
labeled antibody [10,11] in the two-site non-competitive
assay design. Although the term specific activity is used
in general to indicate the number of observable events,
such as emitted photons, yielded per reporter molecule
per unit time, the actual detectability of the label depends
also on the detection instrumentation and the background
signal [12]. One of the most sensitive and versatile la-
bel technologies developed, the time-resolved fluorome-
try of lanthanide chelates with millisecond excited-state
lifetime [5,6,13] eliminates the fluorescence background
almost completely by utilizing temporal resolution to sep-
arate the short-lifetime background and the long-lifetime
lanthanide luminescence.

The long-lifetime lanthanide luminescence of cer-
tain rare earth complexes is extraordinary in many ways.
The lanthanide ions alone are only weakly fluorescent,
but when complexed to suitable organic ligands with high
absorption coefficient at ultraviolet and suitable triplet-
state energy level the luminescence properties become
observable [14]. The photoluminescent lanthanide com-
plexes are characterized in that they can be measured
with a very wide concentration range (over five orders of
magnitude) approaching the dynamic range of lumines-
cence measurement. The very low background fluores-
cence in time-resolved detection of the lanthanide com-
plexes with millisecond fluorescence lifetime improves
also dramatically their limit of detection compared to con-
ventional fluorophores. The lanthanide complexes can be
measured either from solution in the same manner than
a fluorescent product is measured in the enzyme-label
based assays by using dissociation-enhanced lanthanide
fluoroimmunoassay principle [15-17] or directly from a
solid-phase similar to conventional fluorophores with spa-
tial resolution retained by using intrinsically fluorescent
lanthanide chelates and cryptates [18—22]. The emission
bands of the lanthanide complexes are very narrow and
well separated from the excitation wavelength; the Stokes
shift is very large, typically over 250 nm for europium and
over 200nm for terbium complexes. The narrow emis-
sion bands enable multiparametric measurements up to
quadruple label technology based on europium, terbium,
samarium and dysprosium [23,24] and the large Stokes
shift contributes to the complete absence of concentration
quenching [25], a phenomena commonly observable with
conventional fluorescence dyes in high concentration and
resulting in a decreasing signal with an increasing labeling
degree after only a few labels attached per protein or anti-
body. The concentration quenching limits also the maxi-
mal signal available from polystyrene particles dyed with
high concentration of conventional fluorophores—the ex-
act opposite to the ultrabright fluorescence of nanoparti-
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cles dyed with tens of thousands of lanthanide complexes
[26]. In the homogeneous immunoassays based on fluo-
rescence resonance energy transfer the long-lifetime flu-
orescence of the lanthanide chelates [27-29] and chelate-
dyed nanoparticles [30] has enabled major advantage over
conventional fluorophores by eliminating the background
originating from the direct fluorescence of the short-
lifetime acceptor. In addition, the narrow emission bands
are of great benefit as the sensitized emission can be mea-
sured at a wavelength of minimal long-lifetime emission
of the donor.

An alternative source of long-lifetime lanthanide
photoluminescence are inorganic rare earth-based crys-
tals that are commonly used in fluorescent lamps to con-
vert ultraviolet to visible light. Bulk phosphor material
(e.g., europium-activated yttriumoxysulphide) can be ei-
ther ground to submicron particle size [31] or nanocrystals
of rare earth oxides, fluorides or phosphates containing
europium as a doping element can be synthesized di-
rectly [32-34]. The submicron phosphor particles have
been stabilized with surface ligands and coated with pro-
teins (e.g., antibodies) and nucleic acids to produce func-
tional conjugates to be employed in ligand binding as-
says [31], time-resolved fluorescence microscopy [35],
and in a homogeneous fluorescence energy transfer assay
[36]. These lanthanide phosphors generate photolumines-
cence typical to the corresponding lanthanide chelates
but provide an improved photostability and have slightly
different absorption bands for excitation. The lanthanide
phosphors designed for mercury discharge lamps have
typically excitation bands at a range of the discharge
from 254 to 365nm. The excitation at deep ultraviolet
at 254 nm is, however, very weakly suitable for use in flu-
oroimmunoassays due to the resulting exceedingly high
instrument background, which generally has also long de-
cay time. In addition to the excitation bands at ultraviolet,
the europium phosphors have been reported to be ex-
cited efficiently enough using either violet (390—400 nm)
or blue light (465—470nm) [37], which can moderate the
price of the detection system by allowing the use of high-
power light emitting diodes as excitation light sources. In
the development of photoluminescent lanthanide chelates
one of the requirements has been a high excitation wave-
length of the ligand, which in practice has been limited to
340-365 nm for europium. Only recently a highly photo-
luminescent europium complex with excitation maxima
over 400 nm has been demonstrated [38]. The ultraviolet-
excited time-resolved fluorometry has a noteworthy dis-
advantage that it requires careful selection of optical com-
ponents and low-fluorescence coatings in the light-path to
avoid long-lifetime background fluorescence and to en-
able low instrument background.



Up-Converting Inorganic Lanthanide Phosphors

A new type of particulate reporter, an up-converting
phosphor technology introduced in the late 1990s [39,40],
provided a novel solution to the problem of instrument
background and autofluorescence in the fluorescence-
based immunoassays. The up-converting phosphors con-
sist of an inorganic crystal lattice with trivalent rare earth
dopands (e.g., yttriumoxysulphide activated with erbium
and ytterbium) and they can be fairly similar in struc-
ture to the previously described lanthanide phosphors,
but possess a unique feature of being capable to con-
vert infrared to visible light via non-coincident absorp-
tion of two or three infrared photons [41]. In general, if
n photons are involved in the up-conversion process, an
n-th order dependence of the photoluminescence emis-
sion on excitation power is observed. The efficiency of
up-conversion process in these phosphors, however, is
greatly enhanced compared to simultaneous two-photon
excitation [42], because the trivalent lanthanides com-
monly have long-lifetime excited states, which can op-
erate as a metastable state excited from a ground state
to be excited again to an emission state (or transfer its
energy to another ion). This property is so exceptional
that no autofluorescence is produced from any biolog-
ical material at the visible wavelengths by an infrared
light flux used to excite the up-converting phosphors; i.e.
the anti-Stokes photoluminescence (up-converted emis-
sion) can be measured entirely free of autofluorescence
and scattered excitation light [39]. In principle, the anti-
Stokes photoluminescence background is equivalent to
that achieved in luminescence counting, where the dark
counts of the photomultiplier set the limit of detection.
Further, the up-converting phosphors possess the favor-
able characteristics associated with lanthanide photolu-
minescence, including narrow emission bands and large
Stokes shift (in this case anti-Stokes shift). The major
advantage of the up-converting phosphors as a label in
an immunoassay would be the availability of a low limit
of detection with an uncomplicated detection system [43];
the anti-Stokes photoluminescence can be measured with-
out temporal resolution using an inexpensive infrared laser
diode excitation, standard long-pass color glass as exci-
tation filter, photomultiplier for photon counting and a
narrow band-pass filter with adequate infrared blocking
for selection of the appropriate emission wavelength.

We describe here an evaluation of anti-Stokes photo-
luminescence characteristics and chemical compositions
of commercially available up-converting inorganic lan-
thanide phosphors. These phosphors are excited by in-
frared light at 980 nm and they provide emission from
green to red with decay times from tens of microsec-
onds to above a millisecond. The up-converting phosphors
characterized here can be ground to submicron particle
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size to provide a particulate reporter to be coupled with
proteins and antibodies. We demonstrate that these re-
porters provide emission visible by eye without difficulty
from transparent solution when illuminated with an in-
frared laser pointer. Moreover, a fluorescence plate reader
is constructed for measurement of anti-Stokes photolu-
minescence from microtiter wells using an inexpensive
infrared laser diode for excitation.

MATERIALS AND METHODS

Phosphor Material

Infrared to visible up-converting anti-Stokes
phosphors were acquired from several commercial man-
ufacturers; upconverting phosphor nanopowder (referred
later as TAL-IR) was purchased from TAL Materials,
Inc. (Ann Arbor, MI), anti-Stokes phosphors FCD-
546-1, FCD-546-2, FCD-546-3, FCD-660-2, FCD-660-3
and FCD-660-4 were from Luminophor JSC (Stavropol,
Russia), anti-Stokes phosphor LPG-IR-3 was obtained
from Platan R&DI (Moscow Region, Russia) and
laser detection “anti-Stokes” phosphors PTIR545/UF,
PTIR550/F and PTIR660/F were from Phosphor
Technology Ltd. (Stevenage, England). In addition,
ultraviolet to visible down-converting, narrow-band lamp
phosphor FL-612 was obtained from Luminophor JSC.
Phosphor compositions and characteristics provided by
manufacturers are summarized in Table I.

Elemental Analysis

The up-converting and down-converting phosphors
were digested in a microwave digestion unit (Milestone
MLS-1200 Mega; Milestone, Sorisole, Italy) with
a mixture of 2ml 96% sulfuric acid and 1ml 85%
orto-phosphoric acid (both of suprapur quality). The
phosphor amount in digestion was 50 mg. The digested
samples were first diluted to 100ml and, thereafter,
furthermore 100-fold with ion exchanged water. The
element compositions of the diluted samples were deter-
mined by inductively coupled plasma mass spectrometer
(ICP-MS) Perkin—Elmer Elan 6100 DRC Plus (MDS
Sciex, Concord, ON). The instrument was calibrated with
a commercial standard solution (Spex Multi-Element
Plasma Standard ICP-MS-1; MDS Sciex).

X-Ray Powder Diffraction

The structural compositions of the LPG-IR-3 and
PTIR545/UF up-converting phosphors were confirmed
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Table 1. Phosphor Compositions and Physical Properties
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Phosphor Composition Color Emission  Diameter (um)  Density (g/cm?)
Up-converting phosphors
TAL-IR (Yo0.86Ybo.11Er0,03)203 White Red <0.1 —a
FCD-546-1 Lay0,S: Yb3*, Er’ Pale pink  Green 8-9 6.5
FCD-546-2 Y,0,S: YB3, Er*F Pink Green 8-9 6.0
FCD-546-3 YF3: Y+, Er?t White Green 20-25 4.0
FCD-660-2 Y,03 - YOF: Yb*+, Er’*  Pale pink  Red 5-7 5.3
FCD-660-3 YOCI: YB3+, Er3+P Pale pink  Red 8-9 5.3
FCD-660-4 YbOCI: Er’th Pale pink  Red 8-9 5.7
LPG-IR-3 Lay0,S: Yb3*, Er¥ted Pink Green 4-6 —a
PTIR545/UF Gdy0,S: Yb*t, Er3ted Pale pink ~ Green 1.3-2.4¢ —a
PTIR550/F NaYF,: Yb3*, Er¥t¢ White Green 23-6.1¢ —a
PTIR660/F Y,03: Yb3t, Er3te Pale pink  Red 2.5-4.8¢ —«
Down-converting phosphor
FL-612 Y,03: Eu?t White Red 34 5.0

Note. Data according to manufacturer.

“Data not available.

bHydrolytically unstable according to manufacturer.
“Rare earth composition based on ICP-MS.

4 Confirmed by X-ray powder diffraction.

¢50% of particle volume.

by an X-ray powder diffraction analysis. The measure-
ments were carried out at room temperature by a Huber
670 image plate (20 range 4-100°) Guinier camera
(Huber Diffraktionstechnik, Rimsting, Germany) using
monochromatic copper K,; radiation (A = 1.5406 10\).
Data collection time was for 15 min with eight scans of
the image plate. Silicon powder (NIST standard 640b)
was used as an external standard.

Anti-Stokes Photoluminescence Emission Spectra

Varian Cary Eclipse fluorescence spectrophotometer
(Varian Scientific Instruments, Mulgrave, Australia)
with standard R928 red-sensitive photomultiplier
(Hamamatsu Photonics, Shizuoka, Japan) was equipped
with IR laser diode module C2021-F1 (Roithner
Lasertechnik, Vienna, Austria) to enable measurement
of anti-Stokes photoluminescence emission spectra from
a polymethyl methacrylate cuvette (3.5 ml capacity and
10mm x 10 mm light path) with four clear sides (Kartell,
Noviglio, Italy). IR laser diode module and a long-pass
filter glass RG-850 (Andover Corporation, Salem, NH)
were mounted to a cuvette holder of the spectrophotome-
ter. The laser module was aligned to the excitation light
path and the emitted light was collected to an emission
monochromator at 90° angle to the laser beam. The laser
module was connected to an external power source and
the spectra were collected using bio/chemiluminescence
mode of the fluorescence spectrophotometer from 350

to 850 nm (without any emission filter, i.e. filter setting
open) by 0.75 nm resolution with 2.5 nm emission slit.

Anti-Stokes Photoluminescence Intensity
and Decay Spectra

Plate Chameleon instrument obtained from Hidex
(Turku, Finland) was modified for measurement of
anti-Stokes photoluminescence intensity from the up-
converting phosphors by replacing the original excitation
light source (Xenon flash lamp) by an IR cw laser diode
module C2021-F1 (Roithner Lasertechnik) with optical
output power of 200 mW and peak wavelength at 980 nm.
The excitation pathway was converted to reflect the fo-
cused laser beam to microtiter well using a small-diameter
aluminium mirror (Finnish Specialglass, Espoo, Finland).
The excitation filter was a long-pass filter glass RG-850
(Andover Corporation). The fluorescence emission was
collected to emission filter by two plano-convex lenses
(Melles Griot, Irvine, CA) mounted in the emission
pathway and focused onto the blue-green sensitive
bialkali photocathode of the 9102 KB end-window
photomultiplier tube (Electron Tubes, Ruislip, England)
by a plano-convex lens and an enhanced aluminium
mirror. Band-pass emission filters 535/50nm (center
wavelength = 535 nm, half width = 50 nm, peak transmit-
tance >60%; Bk Interferenzoptik Elektronik, Nabburg,
Germany), 616/7nm (peak T > 75%; Ferroperm,
Vedbaek, Denmark), 660/25 nm (peak T > 70%; Bk In-
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terferenzoptik Elektronik) and short-pass filter <775 nm
(T > 85% from 450 to 675 nm; Andover Corporation),
all 25.4 mm in diameter, provided high blocking at laser
diode wavelength. If necessary, the photoluminescence
emission was attenuated by an absorptive neutral density
filter (optical densities 2.0 and 3.0, i.e. average transmit-
tances 1 and 0.1%, respectively; Thorlabs, Newton, NJ)
combined with an emission filter. Photoluminescence
intensity was measured by exposing phosphor suspension
placed in black microtiter well (Greiner Bio-One,
Kremsmuenster, Austria) to IR laser beam with an optical
power density of >40Wcm™2 for 2000 ms excitation
time and counting photoelectrons at the same time. Time-
resolved photoluminescence emission decay spectra at
535nm and at 665 nm were recorded with 20 s resolu-
tion using 3.5 ms excitation time and total recording time
of 20 ms. Typically, the decay spectrum was integrated for
1000 cycles of excitation. Thereafter, the decay parame-
ters were obtained by fitting the curve to multiexponential
decay using Origin 6.0 (OriginLab, Northampton, NA).

Time-Resolved Fluorescence Emission,
Excitation and Decay Spectra

Fluorescence emission, time-resolved fluorescence
emission and emission decay spectra of the FL-612
ultraviolet-excited lamp phosphor were measured from
phosphor suspension with Varian Cary Eclipse fluores-
cence spectrophotometer (Varian Scientific Instruments)
using a standard cuvette holder. Emission spectra were
measured using a polymethyl methacrylate cuvette (3.5 ml
capacity and 10 mm x 10 mm light path) with four clear
sides (Kartell), and excitation and emission decay spec-
tra were recorded using a synthetic quartz cuvette with
similar dimensions (Hellma, Miillheim, Germany). The
time-resolved fluorescence emission spectrum was mea-
sured using phosphorescence mode of the fluorescence
spectrophotometer and excitation wavelength of 265 nm
(excitation slit 20 nm and filter 250-395 nm) from 350 to
850 nm (emission slit 2.5 nm and no emission filter) by
0.75 nm resolution using 200 us delay and 400 us gate
time. Transmission through a clear side of the polymethyl
methacrylate cuvette at 265 nm was over 45%. Emission
spectrum was measured also in fluorescence mode us-
ing equal settings except no temporal resolution. Time-
resolved excitation spectrum was measured using phos-
phorescence mode and emission wavelength of 612 nm
(emission slit 10 nm and filter 550—-1100 nm) from 230 to
580 nm (excitation slit 2.5 nm and filter setting auto) by
0.75nm resolution using 150 us delay and 600 us gate
time. Decay spectrum was recorded at emission wave-
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length of 612nm (emission slit 10nm and filter 550-
1100 nm) using excitation wavelength of 265 nm (exci-
tation slit 20nm and filter 250-395 nm). The data was
integrated for 100 cycles of excitation by 20 us temporal
resolution and total decay time of 10 ms.

Time-Resolved Fluorescence Intensity

Photoluminescence intensity of the FL-612
ultraviolet-excited lamp phosphor was measured from
suspension samples placed in microtiter wells by Wallac
Victor (PerkinElmer Life and Analytical Sciences; Wallac
Oy, Turku, Finland) with standard R1527 side-window
photomultiplier tube (Hamamatsu Photonics) using
time-resolved fluorescence mode. The measurement was
performed using europium measurement protocol (delay
time 400 us, window time 400 us, cycle time 1000 us;
typically counts for 1000 cycles were integrated) with
Xenon-flash energy set to maximum value and excitation
filter changed to D320 wide-band color glass emission
filter (standard filter in the instrument). Emission wave-
lengths were selected by band-pass filters 616/7 nm (peak
T > 75%; Ferroperm), 665/7.5 nm (peak T > 75%; Barr
Associates, Westford, MA) and short-pass filter <775 nm
(T = 85% from 450 to 675 nm; Andover Corporation) all
25.4 mm in diameter. If necessary, the photoluminescence
emission was attenuated by an absorptive neutral density
filter (optical density 2.0; Thorlabs) combined with an
emission filter.

Bead-Milling and Purification

The PTIRS550/F up-converting phosphor was bead-
milled and purified to produce colloidal phosphor particle
suspension. Zirconia/Silica beads 0.1, 1.0 and 2.5 mm in
diameter (Biospec Products, Bartlesville, OK) (0.95, 0.85
and 1.4 g, respectively), 0.85 g of PTIR550/F phosphor
and 2 ml DMSO were added to a 4-ml glass vial (inside
diameter 15 mm). The grinding was performed by vig-
orously shaking the glass vial containing the phosphor
and bead suspension in Vortex Genie II (Scientific Indus-
tries, Bohemia, NY) for 24 h using power-level 8, and
after addition of 0.85 g of Zirconia/Silica beads 0.5 mm in
diameter (Biospec Products), continuing the shaking for
additional 24 h using power-level 10. The colloidal phos-
phor particles were purified from the grinding beads by
diluting the phosphor slurry into DMSO (12 ml total vol-
ume) and allowing the suspension to settle downina 15-ml
test tube for 2 h before repeating the procedure twice for
the uppermost 8—10ml volume containing the colloidal
phosphor particles (without any grinding beads). There-
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after, the uppermost phosphor suspension was divided into
four 2 ml aliquots. Each of the aliquots was washed first
by 1.25ml of mixture of DMSO/H,0O (60:40), then by
1.25 ml of acetone and finally by 1.25 ml of DMSO, us-
ing centrifugation (over 8000 g, 20 min) to precipitate the
particles and bath sonication (Finnsonic m03; Finnsonic,
Lahti, Finland) for resuspension. The washed particles
were resuspensed into 1.5ml of DMSO and stored in
slow rotation (Rotamix; Heto Lab Equipment, Allergd,
Denmark) at room temperature. The concentration of the
colloidal phosphor particles was measured by transfer-
ring a known volume of suspension into a pre-weighted
filter tube (VectaSpin Micro with Anopore 0.02 um mem-
brane; Whatman, Brentford, England), washing the par-
ticles with ethanol and weighting the dried filter. The
size distribution profile of the colloidal phosphor particles
was measured in 10 mM borate-buffer, pH 8.5, containing
0.1% Tween 20 using Coulter N4 plus submicron particle
size analyzer (Beckman Coulter, Fullerton, CA, USA).

RESULTS AND DISCUSSION

The rare earth compositions and physical properties
of the 11 characterized commercial up-converting phos-
phors and one down-converting phosphor are shown in
Table I. The term down-conversion is used here to mean
absorption of one higher energy photon and emission of
a single lower energy photon, and not quantum cutting
which can generate up to two emitted photons from a
single absorbed higher energy photon [44]. The phos-
phors have an average particle size between 1 and 10 um,
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except the TAL-IR upconverting phosphor nanopowder,
which is the only submicron-sized phosphor with particle
size below 0.1 um, and the FCD-546-3 anti-Stokes phos-
phor, whose particle size is between 20 and 25 um. The
structural compositions of the phosphors except for two
phosphors were obtained from the manufacturers. The
structural composition of the LPG-IR-3 and PTIR545/UF
up-converting phosphors were analyzed as La;0,S and
Gd, 0,8, respectively, by routine X-ray powder diffrac-
tion analyses. The composition of the LPG-IR-3 was ver-
ified later as La,0,S:Yb** Er’* by the manufacturer. The
FCD-660-3 and FCD-660-4 phosphors were reported as
hydrolytically unstable. The analysis of element concen-
trations of the phosphors by ICP-MS allowed verification
and comparison of the rare earth compositions of the phos-
phors. The determined concentrations of Y, La, Gd, Yb,
Er and Eu, shown in Table II, were consistent with the re-
ported chemical and structural composition. The TAL-IR
was the only phosphor, where the manufacturer reported
the element ratios. The manufacturer of the PTIR545/UF,
PTIRS550/F and PTIR660/F did not disclose the rare earth
composition, and the phosphor compositions were spec-
ified only as rare earth oxysulphide, sodium rare earth
fluoride and rare earth doped yttrium oxide, respectively.

The photoluminescence emission spectra were mea-
sured for the up-converting phosphors (Fig. 1A-K) us-
ing 980 nm laser excitation and for the down-converting
phosphor (Fig. 1L) using a Xenon flash excitation in
fluorescence spectrophotometer. The temporal resolution
was essential in the measurement of the down-converting
phosphor to avoid measurement of the ultraviolet-excited

Table II. Phosphor Element Concentrations

Element concentration? (mol/g)

Phosphor Y Gd Yb Er
Up-converting phosphors
TAL-IR 6165 £+ 122 0.1 £0.01 0.0 £0.01 770 £ 12 201 £2.5
FCD-546-1 389+£095 6577 £101 0.9 £0.02 226 £3.5 141+2.1
FCD-546-2 6089 + 113 5.8+0.1 73+£0.1 584 + 16 277 +£2.1
FCD-546-3 4119 £53 0.6 £0.01 0.5+ 0.01 951 +£ 17 122 +£2.0
FCD-660-2 6475 + 122 0.7 £0.01 0.1 £0.01 668 + 15 246 £2.4
FCD-660-3 3971 +£42 1.9+£0.1 0.1 £0.01 1556 + 27 712+£12
FCD-660-4 230 £ 1.7 0.1 £0.01 1.0£0.02 3265+ 53 155+ 1.9
LPG-IR-3 29.8 £0.24 6938 £ 146 0.2 £0.01 189 +£2.4 137+ 1.5
PTIR545/UF 13.0£ 1.1 0.0+£0.01 2262 +57 1138 + 27 285+ 4.8
PTIRS550/F 2767 + 48 0.5+0.01 0.2+0.01 777 £ 20 795+ 1.4
PTIR660/F 6420 + 114 0.1 £0.01 3.3+0.04 225+23 370 £5.2
Y Gd Yb Eu
Down-converting phosphor
FL-612 10865 £ 151.2 0.2 £0.03 0.1 £0.02 02+£0.01 6789 %49

“Values are given with &+ SD.
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Up-Converting Inorganic Lanthanide Phosphors

fluorescence originating from the instrument and the
cuvette. The excitation wavelength for the down-
converting phosphor was shifted to 265 nm because ab-
sorption of the cuvette was excessive below 260 nm. The
green to red emission ratio of the up-converting phos-
phors varied from 1:72 to 7.2:1. There was no obvious
linkage between Yb** to Er** concentration ratio (calcu-
lated from Table II) and the green to red emission ratio.
The emission ratio was more related to the host material.
Because even the TAL-IR phosphor generating the purest
red emission had green to red emission ratio below one
to hundred, the simultaneous use of the red and green
emitting up-converting phosphors for multiplexed detec-
tion [40,45] is somewhat limited. The green up-converting
phosphors and also some of the red phosphors produce
also a third small emission band at 410nm. It is still
possible to realize multiplexing by using phosphors with
different rare earth emitter ion to change ion-specific emis-
sion properties [40], e.g., Tm** or Ho?* instead of Er**
would produce blue (475 nm) or green (545 nm) emission,
respectively.

The photoluminescence emission intensities of the
up-converting phosphors were measured using a fluores-
cence plate reader equipped with 980 nm laser excitation
(Fig. 2). Band-pass filters in the Chameleon instrument

PMT

Electron Tubes 9102KB -

IR laser diode module

Roithner Lasertechnik C2021-F1
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were selected for the emission bands at wavelengths 535
and 665 nm, and for an emission minimum at 616 nm,
based on the emission spectra. The laser beam was fo-
cused through a small-diameter mirror to the microtiter
well using a collimator optics integrated into the laser
module. The cross-section of the focused laser beam in
the microtiter well was approximately 2.4 x 1073 cm?
(300 um x 800 um) resulting in a power density over
40 W cm™2, comparable to the power density reported ear-
lier [46]. For the down-converting phosphor, narrow band-
pass filters with center wavelengths at 616 and 665 nm
were chosen, and the photoluminescence emission inten-
sities were measured using a time-resolved fluorescence
plate reader with Xenon flash excitation. In the Victor in-
strument the 254 nm excitation band of the FL-612 phos-
phor could not be excited, which limited the total fluo-
rescence signal in the measurement. The cross-section of
the focused flash pulse in the microtiter well, however,
was larger than 30 x 103 cm? (1 mm x 3 mm), which
means that the measured signal is generated in a vol-
ume over tenfold larger than in the Chameleon instru-
ment. In addition to the emission intensities chosen by the
band-pass filters, the total photoluminescence intensities
within a spectral range of 450—-675 nm were measured for

Enhanced
aluminium mirror

/

Plano-
convex lens

4x & 25.4 mm
band-pass filter

Plano-
convex lens

& 4 mm
aluminium mirror

Schott RG-850

J000¥0000000

& 12.5 mm long-pass filter

96-well microtiter plate

Fig. 2. Diagram of the microtiter plate fluorometer for anti-Stokes photoluminescence. The Plate Chameleon
instrument is based on an epifluorescence set-up and includes an xy-conveyor for movement of microtiter plate.

Note. PMT, photomultiplier tube.
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both the up-converting and down-converting phosphors
using a 775 nm short pass filter.

The photoluminescence intensities of the up-
converting and down-converting phosphors measured
with different emission filters are shown in Table III. The
phosphor with the highest photoluminescence intensity,
LPG-IR-3, is detectable down to pg/ml concentrations,
assuming that the signal response is linear to concentra-
tion. The photoluminescence intensities between phos-
phors, however, varied significantly; the up-converting
phosphor with the weakest intensity, TAL-IR, was over
10,000-fold weaker than the LPG-IR-3 when the total pho-
toluminescence was compared. The yttriumoxide-based
TAL-IR, FCD-660-2 and PTIR660/F up-converting phos-
phors yielded generally the weakest photoluminescence
intensities. There was a weak linkage between Yb** to
Er** concentration ratio and intensity as well as between
dope concentration and intensity; the highest photolumi-
nescence intensity was produced by the smallest excess
of Yb** and by the lowest total dope concentration. It
has been reported, that the photoluminescence intensity
tends decrease with increasing concentration of Er’*, be-
cause high dope concentration will lead to self-quenching
due to cross-relaxation processes [47]. The standard de-
viations of the photoluminescence intensities measured
were relatively large due to small excitation cross-section
and the tendency of the phosphors to settle down in the
microtiter wells. The green to red photoluminescence
emission ratios obtained from integrated emission peak
areas (Fig. 1) were significantly smaller than the ra-
tios calculable from emission band intensities at green
(535nm) and red (665 nm) shown in Table III. In both
cases, however, the most intense bands are the same and
agree with the principal emission color reported for the
phosphor. The difference between the methods is due to
red-sensitivity difference of the photomultipliers in the
fluorescence spectrophotometer and the plate reader. The
emission ratios calculated from the photoluminescence in-
tensities resemble more the visual appearance of the emis-
sion color, because human eye is also more sensitive to
green light.

The principles of down-conversion and up-
conversion are spectrally illustrated in the Fig. 3. In ad-
dition to the major band at 254 nm, the time-resolved
fluorescence excitation spectrum of the FL-612 down-
converting phosphor contains minor excitation bands at
approximately 300, 320, 400, 470 and 530 nm. The dis-
tinct feature of the ionic photoluminescence, the narrow
emission peaks conventionally associated with the lan-
thanide chelates and observed with the FL-612 down-
converting phosphor, are also a definite feature of the char-
acterized up-converting inorganic lanthanide phosphors.

Soukka, Kuningas, Rantanen, Haaslahti, and Lovgren

The emission spectra of the PTIR550/F up-converting
phosphor and the FL-612 down-converting phosphor (in-
sert in Fig. 3) are compared in log-scale in the Fig. 4. The
narrowness of the emission peaks of the up-converting
phosphor stands well comparison with the time-resolved
fluorescence emission spectra of the europium-based
phosphor and also of other lanthanide complexes [30,48].
The difference in photoluminescence intensity in the
PTIR550/F up-converting phosphor emission spectrum
between the peak at 540 nm and minimum at 600 nm is
at least three orders of magnitude. The actual difference
is apparently greater, because intensity in the spectrum at
600 nm is at the level of instrument background. This was
further supported by the photoluminescence intensity dif-
ference between measurements at 535 and 616 nm, which
still exceeded four orders of magnitude after the difference
in bandwidth and transmission of the filters was taken
into consideration. Based on the intensity measurements,
the other two up-converting phosphors, FCD-546-1 and
LPG-IR-3, have indeed a larger contrast between 535
and 616 nm than the PTIR550/F up-converting phosphor.
The photoluminescence intensity difference of FL-612
down-converting phosphor between the peak at 616 nm
and a local emission minimum at 665 nm is significantly
smaller.

The fluorescence decay times of the up-converting
phosphors in DMSO where measured after a laser exci-
tation pulse of 3.5 ms allowing the photoluminescence to
stabilize on a steady level during the excitation. The decay
spectrum was measured thereafter by 20 us resolution,
which was known to limit the decay time analysis only
to decays of tens of microseconds and longer. This was
not considered a serious limitation as the lifetimes were
expected to be in the range from microseconds to sev-
eral milliseconds, which are typical to photoluminescence
of down-converting lanthanide compounds. This assump-
tion was confirmed as the signal started to decay from the
steady level without any immediate drop after the excita-
tion, as shown in Fig. SA. The decay curves, however, did
not fit to a single exponential decay, but were either dual
or triple exponential, and the decay times of the individual
components varied from 23 to 1490 us (Table III). The de-
cay times measured from Er’* doped fluoride glasses for
the 550 nm anti-Stokes emission excited by three-photon
process with 800-nm pumping have been in the same
range varying from 15 us to 3.2ms [49]. The observed
decay times of the red emission 4Fy /2 —*Iis /2 (665 nm)
were regularly longer than those of the green emission
2Hi1/2/*S3/2 —* Lis2 (535 nm). This is assumed to relate
to population of the *Fo /2 level, from where the red emis-
sion originates, by relaxation processes from the ’H,, 2
and *S; 2 levels (Fig. 6) [50]. The longest decay time
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Fig. 3. Down-converted and up-converted photoluminescence of inorganic lanthanide phosphors. Photoluminescence ex-
citation (wide lines) and emission (narrow lines) spectra of both FL-612 down-converting (dashed lines) and PTIR550/F
up-converting (solid lines) phosphors. The excitation and emission spectra of FL-612 were temporally resolved from back-
ground. Excitation spectra of PTIR550/F was obtained from the manufacturer. The insert (gray rectangle) outlines the
photoluminescence emission wavelength range 450—750 nm. Note. au, arbitrary unit.

components of both the green and the red emission, how-
ever, are likely to result from re-population of *F;, from
Iy 2 by ion—ion energy transfer from 1 /2 level (Er’t)
or %Fs /2 level (Yb3t) [49]. The 4F9/2 level can also be
re-populated by the ion—ion energy transfer directly from
T3 /2 level. The blue emission band from transition ’Hy /2
— 4115/2 observed at 410nm in the spectra is a result
of a three-photon process, where 2H9/2 is excited from
4F /2 [47]. The weak near-infrared emission band ob-
servable at 840 nm is associated to transition 4S3/2 —
132

The longest decay times were observed for the FCD-
546-3 and PTIRS550/F phosphors based on yttriumfluo-
ride, which is known as an efficient host material for up-
conversion [51] and has a low phonon energy resulting
in longer level lifetimes of dope ions. The photolumines-
cence intensity of the characterized yttriumfluoride-based
phosphors, however, was clearly weaker than that of the
oxysulphide-based phosphors, which included also signif-
icantly shorter decay time components. The importance of
the host material is supported by the observation of almost
identical decay times for the two lanthanum oxysulphide-
based phosphors FCD-546-1 and LPG-IR-3 obtained from
different manufacturers. The small difference in the emis-
sion decay times between the two yttriumfluoride-based
phosphors is most likely a consequence of slower cross-
relaxation processes in PTIR550/F due to the lower Er**
dope concentration. The multiple decay times of the up-
converting phosphors are at least partially related to ef-
fect of the solvent; this was confirmed by observation of
a single exponential decay from solid PTIR550/F phos-
phor both at green and red emission wavelength (data not
shown). The decay of the FL-612 down-converting phos-
phor in DMSO was strictly single exponential (Fig. 5B)
with a decay time of 1031 us.

The commercial up-converting phosphor materials
evaluated here were as such too large in average diam-
eter to be employed as reporters in ligand binding as-
says. To demonstrate the possibility to process the com-
mercial phosphors into submicron particulates suitable
for reporter applications, the PTIR550/F phosphor was
ground in a miniature bead mill. The average particle
size of the up-converting nanoparticles in the colloidal
suspension was 270 nm. The achieved particle size was

1000
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Fig. 4. Log-scale emission spectra of PTIR550/F and FL-612 phosphors.
IR laser-excited anti-Stokes photoluminescence spectrum of PTIR550/F
phosphor (solid line) and ultraviolet-excited time-resolved fluorescence
spectrum of FL-612 phosphor (dashed line). The spectra were mea-
sured in DMSO at room temperature. The phosphor concentrations were
33 pg/ml (PTIRS50/F) and 200 pg/ml (FL-612). Note. au, arbitrary unit.
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Fig. 5. Log-scale decay spectra of PTIR550/F and FL-612 phos-
phors. Background subtracted photoluminescence emission decay of
(A) IR laser-excited PTIRS50/F anti-Stokes phosphor measured at
535/50nm (fitted to y = Aje ™"/ 4+ Aye "/ 4 Aze~"/B3) and (B)
ultraviolet-excited FL-612 phosphor measured at 612/10 nm (fitted to
y = Aje"/™). The decay times are given with +SD, and the percent-
ages represent the relative amplitudes of each decay time. The decay
spectra were measured from 33 pg/ml (PTIR550/F) and 200 pg/ml (FL-
612) phosphor suspension in DMSO at room temperature. Note. au,
arbitrary unit.

slightly smaller than reported for up-converting phosphor
reporters employed in ligand binding assays [40,43,52].
The phosphor suspension appeared as transparent solu-
tion and it generated bright green light (Fig. 7) when
illuminated with an infrared laser pointer at 980 nm. Re-
cently, several reports have been published about inor-
ganic synthesis of up-converting phosphor nanoparticles
with blue, green and red emission [53—-55] and the first ob-
servations of visible anti-Stokes photoluminescence from
transparent nanoparticle colloids [56,57] have further pro-
moted the development of potential applications for these
particulate reporters with very attractive properties. It is
obvious, that the up-converting phosphor nanoparticles
equal or preferably less than 100 nm in diameter would be
more appropriate for reporter applications [26,58], pro-
vided that the specific activity of the phosphor material is
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Fig. 6. Energy state diagram of the sequential energy-transfer-based up-
conversion process in a Yb3+ and Er3* doped up-converting phosphor.
The absorber ion (Yb>*) is excited under infrared light 2F; 2 —2Fs /25
and the energy is transferred non-radiatively from the absorber ion to
the emitter ion (Er**) to first excite the ion from a ground state to a
metastable state *1;s 2 >4 /2, and subsequently to an excited state
I 2 —4 F7/2. The excited state relaxes to multiple emissive states
mainly through non-radiative processes, and the green and the red
emission bands are assigned to radiative transitions 2H11/2 —4 Iis)2,
4830 >4 Iispp and 4 Fojp —* 1152.

Fig. 7. Green emission of colloidal PTIR550/F up-converting phos-
phor preparation. A beam of an infrared laser pointer (980 nm, 100 mW,
Roithner Lasertechnik) was directed to a glass vial containing colloidal
PTIRS50/F up-converting phosphor particles diluted to DMSO at con-
centration 2900 pg/ml. Picture was taken through a 775 nm short-pass
filter.
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retained. Unfortunately, the specific activity of the com-
mercial TAL-IR up-converting phosphor material (an av-
erage diameter below 100 nm) was not comparable with
the larger phosphors.

The characterized up-converting phosphor materi-
als facilitate the development of new biochemical assay
methods based on anti-Stokes photoluminescence and are
measurable with inexpensive modifications to current in-
strumentation. Methods for bead-milling and bioconjuga-
tion of submicron inorganic lanthanide phosphor particles
have been reported earlier [31,35,45], and these methods
have been also employed for up-converting phosphors
[39,40,43], but until now reports have been based on a pro-
prietary phosphor material. Up-converting reporters have
also been applied to various ligand binding assays with
outstanding performance [46,52,59]. Although the partic-
ulate up-converting phosphor reporters lack one of the re-
quirements for an ideal label, the small molecular size, the
other requirements are fulfilled enabling development of
sensitive ligand binding assays suitable for an inexpensive
detection system—a combination of requirements, which
has been very hard to meet otherwise. The potential appli-
cations of up-converting inorganic lanthanide phosphors
seem even more versatile than that of the time-resolved
fluorometry and ultraviolet-excited down-converting lan-
thanide compounds [60,61].

CONCLUSIONS

We have characterized commercially available up-
converting inorganic lanthanide phosphors to evaluate the
possibility to employ these materials as particulate re-
porters in various ligand binding assays. The unique lu-
minescence properties of these compounds, being able
to generate anti-Stokes photoluminescence with power
densities significantly lower than required for two-photon
excitation, are based on sequential energy transfer be-
tween trivalent rare earth ions doped in inorganic host
lattice. In opposite to the down-converting lanthanide
compounds, known for their characteristics luminescence
properties, the up-converting phosphors provide equiva-
lent narrow emission bands at visible wavelengths, but
under infrared illumination. The total rejection of back-
ground fluorescence by an inexpensive instrumentation
renders up-conversion an attractive alternative to the time-
resolved fluorescence widely employed in biomedical ap-
plications.
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