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Abstract With the Calibration Kit Spectral Fluorescence
Standards BAM-FO01-BAM-FO005, we developed a simple
tool for the characterization of the relative spectral respon-
sivity and the long-term stability of the emission channel of
fluorescence instruments under routine measurement condi-
tions thereby providing the basis for an improved compa-
rability of fluorescence measurements and eventually stan-
dardization. This first set of traceable fluorescence standards,
which links fluorescence measurements to the spectral ra-
diance scale in the spectral range of 300—770 nm and has
been optimized for spectrofluorometers, can be employed
for different measurement geometries and can be adapted to
different fluorescence techniques with proper consideration
of the underlying measurement principles.

Keywords Fluorescence - Standard - Spectral correction -
Emission - Calibration tool

Introduction

For luminescence techniques that are widely used in life and
material sciences as well as in environmental analysis [1—
5], there is an increasing need for reliable and comparable
data, quantification, and eventually standardization having
applications in strongly regulated areas like e.g., medical
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diagnostics at reach. To rule out instrumentation as a ma-
jor source of variability and to improve the comparability
of fluorescence measurements across instruments and over
time, fit-for-purpose standards in combination with tested
protocols for instrument characterization and performance
validation (IPV) are required [6]. As a first step towards
simple and multifunctional calibration tools for fluorescence
instruments that link luminescence measurements to radio-
metric units [7], we developed the Calibration Kit Spectral
Fluorescence Standards BAM-FOO01-BAM-F005 including
the software LINKCORR [8]. This first set of traceable fluo-
rescence standards enables the determination of the relative
spectral responsivity s(1) and the long-term stability of the
emission channel of fluorescence instruments in the spec-
tral range of 300-770 nm thereby also providing the basis
for spectrally corrected, i.e., instrument-independent emis-
sion spectra. This calibration tool that was recently tested
in an interlaboratory comparison of the National Metrologi-
cal Institutes NIST, NRC, PTB, and BAM [8] was certified
by us in January 2006 [9]. Here, the working principle of
BAM-F001-BAM-FO005 and the criteria for the design of this
Calibration Kit are presented as well as application-relevant
properties of the kit components investigated by us.!

Experimental
Solvents and reagents

The Calibration Kit Spectral Fluorescence Standards BAM-
F001, BAM-F002, BAM-F003, BAM-F004, and BAM-F005

! NIST: National Institute of Standards and Technology, USA; NRC:
National Research Council, Canada, PTB: Physikalisch-Technische
Bundesanstalt, Germany; BAM: Federal Institute for Materials Re-
search and Testing, Germany.
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are available from BAM as well as through all subsidiaries of
Sigma-Aldrich with Fluka product numbers 72594, 23923,
96158, 74245, and 94053, respectively, and 97003- 1K T-F for
the kit. This kit includes the five bottled dyes BAM-F001-
BAM-F005 ready-made by Sigma-Aldrich GmbH (former
Fluka Production GmbH), the solvent ethanol, and a BAM
certificate of the normalized corrected emission spectra
of the kit components and the corresponding wavelength-
dependent expanded relative uncertainties of the certified
fluorescence intensities [9]. Included are also the software
LINKCORR for data evaluation, and a standard operation
procedure (SOP) for the use of the kit and of LINKCORR.
The working principle of LINKCORR that was developed
by BAM for the calculation of the (inverse) relative spec-
tral responsivity of fluorescence instruments from the BAM-
certified corrected emission spectra of the kit dyes and their
uncorrected fluorescence spectra measured with the instru-
ment to be calibrated is documented in the SOP supplied with
the kit. LINKCORR has been successfully tested with differ-
ent fluorescence instruments and different operating systems
as well as by different operators/users.’

The dyes X, Y, and quinine sulfate dihydrate (QS; SRM
936a, NIST) used for the control of a kit dye-based emission
correction curve and accordingly corrected fluorescence-
emission spectra are of the highest purity available. They
were obtained from Sigma-Aldrich GmbH and the National
Institute of Standards and Technology (NIST). The solvents
ethanol, acetonitrile, and perchloric acid used for dye X, Y,
and QS, respectively, were of the highest purity available
and were purchased from Sigma-Aldrich GmbH (ethanol;
acetonitrile) and Merck.

Equipment

Absorption spectra were recorded on a CARY 5000 spec-
trophotometer from Varian Inc. The corrected emission
spectra of BAM-FO01-BAM-F005 were obtained with a pre-
viously described Spectronics Instruments 8100 spectroflu-
orometer [8]. The wavelength- and polarization-dependent
spectral responsivity s(X) of this fluorometer was determined
with an integrating sphere-type spectral radiance transfer
standard (quartz halogen lamp placed inside an integrat-
ing sphere, Gigahertz-Optik GmbH; [8,10]) illuminating a
nonfluorescent diffuse reflectance standard (Gigahertz Optik
GmbH) [8]. Both transfer standards were calibrated by the
Physikalisch-Technische Bundesanstalt (PTB). A detailed
description of the instrument calibration has been recently
published [8].

2 BAM-FO01-BAM-F005: dyes A-E in earlier publications.
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Procedures

All the absorption and emission measurements were per-
formed at a temperature of (25+2)°C. Typically, dilute
dye solutions with absorbances A <0.04 at the excitation
wavelength equaling to the longest wavelength absorption
maximum were used [9]. The certified normalized corrected
emission spectra of BAM-FO01-BAM-F005 were measured
in ethanol at 25°C with three different spectral bandpasses of
the emission monochromator of the BAM fluorometer, i.e.,
1, 4, and 8 nm [9]. Prior to correction for the relative spec-
tral responsivity s()) of the emission channel, a background
spectrum [/p(Aem)], recorded under identical measurement
conditions for a blank solvent sample, was subtracted from
the measured spectrum [/, (Aem)] to remove scattering and
fluorescence from the solvent and dark counts of the detector.
Correction of the accordingly obtained uncorrected emission
spectra [Iy(Aem) = Im(Aem)—Tb(Aem)] fOr s(A) was achieved by
division of I, (Aem) by the relative spectral responsivity of the
emission channel obtained with physical transfer standards
(PTS) [8]. The resulting PTS-based and BAM-certified cor-
rected fluorescence emission spectra /I.(A¢p,) are traceable to
the spectral radiance scale [8]. PTS-based corrected emis-
sion spectra of dye X, dye Y, and QS were similarly obtained
by us.

Instrument characterization with BAM-FO01-BAM-F005
and LINKCORR yields always the instrument’s inverse rela-
tive spectral responsivity 1/s(1) termed emission correction
curve, as also described in the certificate of the Calibration
Kit [9]. Accordingly, in the case of a kit dye-based emission
correction, corrected emission spectra are obtained by multi-
plication of I,(Aem) by 1/s(X). These spectra are traceable to
the spectral radiance scale. The relative spectral responsivity
of the fluorescence instruments results from the reciprocal
of the output of LINKCORR, i.e., 1/s(}).

Results and discussion
Instrument effects on fluorescence signals

Luminescence techniques always yield signals Iy(Aex,Aem)
that contain sample- and instrument-specific contributions
[6], see Eq. (1). Signal-relevant analyte properties are the
chromophore’s absorptance at the excitation wavelength
o(Aex) and its spectral fluorescence yield F (Aex, Aem) [8,10].
Instrument-specific effects include the spectral irradiance
at sample position E¢ ;(Aex) and the spectral responsivity
of the emission channel s(Aem).> These two wavelength-,
polarization-, and time-dependent quantities reflect the

3 Due to radiometric convention, s(\) always implies s, (1).
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Fig. 1 Normalized uncorrected (open symbols) and corrected (full
symbols) emission spectra of a typical organic chromophore measured
with two different fluorometers. The normalized spectral responsivities
s(A) of both instruments are depicted in the inset. Normalization was
performed at the peak maxima

spectral radiance of the excitation light source, the trans-
mittance of optical components like lenses, mirrors, filters,
monochromator gratings, and polarizers in the excitation
and emission channel, and the spectral responsivity of the
detection system of the respective fluorescence instrument.
The influence of s(Aem) on fluorescence data and the need
for its consideration, i.e., spectral (emission) correction
are illustrated in Fig. 1 exemplary for a typical organic
fluorophore and two spectrofluorometers.

Iihex, Aem) = 0(Aex) Fi(Aex, )Lem)Eex,/\()\ex)S()Lem) (D

The comparability of fluorescence data across instruments
as well as e.g., the use of fluorescence spectra for the iden-
tification of analytes and the determination of fluorescence
quantum Yyields rely on the knowledge of and the correction
for s(Lem) and its time-dependent changes thereby taking also
aging of instrument components into account [8,11]. From
the emission side, the determination of the instrument’s rel-
ative spectral responsivity is sufficient for the elimination
of instrument-specific wavelength and polarization depen-
dences in the vast majority of cases. This is by far more easy
to realize than the absolute measurement of this quantity.
Consideration of time-dependent changes of s(A) makes its
regular determination mandatory. Simultaneously, it com-
prises an elegant tool for the validation of the instrument
performance validation and instrument long-term stability.

Determination of the spectral responsivity s(Aem)
s(Xem) can be obtained with a source that emits a known and

broad spectrum in the UV/-vis/NIR region [6,8,12,13,14].
Its reliable determination as the basis for the spectral
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Fig. 2 Comparison of the typical spectral radiances of a tungsten
ribbon lamp (fop) and of typical fluorophores (bottom)

correction of emission spectra requires not only control and
if necessary consideration of the wavelength accuracy of its
emission channel [15] and the operation of the detection
system within its linear range, but also consideration of the
samples to be corrected and thus measurement conditions
commonly employed [8]. This includes measurement geom-
etry, format of the sample, and typical instrument settings.
Tungsten ribbon lamps and integrating sphere-type spectral
radiance transfer standards are traceable, but are tedious to
align, can impose restrictions on measurement geometry,
need regular and expensive recalibrations, and often do not
fit into compact fluorescence instruments. Moreover, their
spectral radiances or emission intensities exceed those of
common fluorescent samples by approximately four (tung-
sten ribbon lamp) to two (integrating sphere radiator; not
shown) orders of magnitude, see Fig. 2. Accordingly, their
use requires attenuation procedures that do not introduce ad-
ditional spectral effects. This circumvents errors due to the
operation of the detection system within its nonlinear range
[8].4

In contrast, chromophore-based spectral fluorescence
standards [6,8,12,13,14,16] are easy to operate. Especially
liquid standards such as BAM-FOO1-BAM-F005 offer an
unique flexibility with respect to measurement geometry,
format or type of container, and type of instrument to
be calibrated. Moreover, fit-for-purpose fluorescence stan-
dards can be measured under typical, i.e., routine condi-
tions due to the close match between both their spectral
radiances/luminescence intensities and the size and shape
of their radiating volume with that of commonly analyzed
samples. Thus, many sources of systematic error inherent to
instrument calibration with physical transfer standards [8,10]

4 1In the case of ratio mode-type instruments that record the quotient
of the signal of the emission and the reference channel, both detectors
need to be operated within their linear range.
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can be elegantly circumvented. However. the—compared to
spectral radiance transfer standards—narrow emission spec-
tra of organic and inorganic chromophores require the com-
bination of different fluorescence standards to a set to cover
the UV/vis/NIR [8,17]. Aside from the proper choice and
combination of candidate materials according to recently
published criteria discussed in the following section [8], the
most important prerequisites for the reliability of spectral
fluorescence standards, however, are the precise and trace-
able measurement of their corrected emission spectra with
a reported uncertainty and a properly characterized instru-
ment and the characterization of their calibration-relevant
properties according to EN ISO/IEC 17025 and ISO Guides
34 and 35 [7, 8]. To enable users of such fluorescence stan-
dards to judge their quality and reliability, in addition to
the calibration-relevant properties of these reference mate-
rials also the type and design of the fluorescence instru-
ment used for standard characterization as well as the em-
ployed calibration strategies and transfer standards need to be
described.

Calibration Kit Spectral Fluorescence Standards:
working principle and properties

As a first step towards standardization of the spectral char-
acteristics of fluorescence instruments on a broad level, we
developed the Kit Spectral Fluorescence Standards covering
the spectral region of 300—770 nm. This calibration tool con-
sists of the five spectral fluorescence standards BAM-F001—
BAM-F005 with certified normalized corrected emission
spectra, the solvent ethanol, and the software LINKCORR
[9]. Its straightforward working principle is illustrated in
Fig. 3. Addition of 10 ml of ethanol to each of the kit compo-
nents provided as ready-made bottled solids yields working
solutions with absorbances of approximately 0.04 at the max-
imum of each dye’s lowest energy absorption band. These
solutions are measured with the instrument to be calibrated
under measurement conditions for which the (inverse) rela-
tive spectral responsivity and spectrally corrected emission
spectra are eventually desired. Data evaluation should be per-
formed with the BAM-software LINKCORR provided with
the kit. LINKCORR calculates the quotients Q% (%y,) of
the BAM-certified corrected emission spectra I (Aem) (Fig. 3,
bottom, solid lines) and the measured uncorrected emission
spectra I;(Aem) (Fig. 3, bottom, dashed lines) for each dye by
division of the former by the latter. The certified data mea-
sured in 1-nm data intervals are supplied on CD with the kit in
aformat readable by LINKCORR. Combination of the result-
ing ratios QFOOX (Aem) (QFOOX (Aem) = ICFOOX ()Vem)/IUFOOX (Aem))
is performed by a statistical weighting procedure imple-
mented in LINKCORR with the resulting global emission
correction curve 1/s(A) (Fig. 3, top) being the actual out-
put of LINKCORR. 1Its reciprocal yields the relative spectral
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Fig.3 Working principle of the Calibration Kit Spectral Fluorescence
Standards. Division of the certified corrected emission spectra of BAM-
FOO1-BAM-FO005 [I.(Aem), bottom, solid lines] by the corresponding
recorded uncorrected spectra [I(Aem), bottom, dashed lines] of these
dyes as performed by the BAM software LINKCORR leads to indi-
vidual quotients Q%% (Aen) = IFO% (e )/ T FO%* (Aem), see middle part.
Weighted combination of Q¥ (A.,,) by LINKCORR yields an overall
emission correction curve for the chosen measurement conditions of
the instrument to be calibrated, see upper part. This curve, i.e., the
output of LINKCORR equals the instruments’ inverse relative spectral
responsivity 1/s(Aem). Its reciprocal yields the relative spectral respon-
sivity s(Aem) of the respective fluorescence instrument, see also upper
part. Corrected instrument-independent and thus comparable spectra
are obtained by multiplication of measured spectra with the emission
correction curve 1/s(Aem)

responsivity of the respective fluorescence instrument
(Fig. 3, top).

Corrected, i.e., instrument-independent data are obtained
by multiplication of measured spectra with the emission cor-
rection curve 1/s(Aem). Such corrected spectra are compara-
ble across instruments and are traceable to the spectral ra-
diance scale. For the determination of relative fluorescence
quantum yields, accordingly corrected spectra have to be
multiplied by the wavelength prior to integration on a wave-
length scale, as the fluorescence quantum yield is the ratio of
the number of emitted to absorbed photons and not a ratio of
radiated fluxes or powers [8, 9]. Determination of the emis-
sion correction curve at regular intervals, i.e., typically every
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6 months, as recommended by BAM [9] provides a simple
tool for the control and consideration of the long-term sta-
bility of the emission channel and thus for time-independent
fluorescence data.

Kit properties

The reference materials BAM-FO01-BAM-F005 with the
certified property corrected emission spectrum have been
developed according to /SO Guides 34 and 35 and are trace-
able to the spectral radiance scale [10,15]. The provided
wavelength-dependent relative uncertainties of the corrected
emission spectra combine the relative uncertainties of the
calibration of the BAM fluorometer used for certification
and the relative uncertainties of the measurements of the
emission spectra with this instrument as well as material-
related uncertainties derived from homogeneity and stability
studies according to ISO Guide 35 [9,20]. These relative un-
certainties were determined by the propagation of uncertain-
ties according to the Guide to the Expression of Uncertainty
(GUM) and ISO Guide 35 [9].

The kit components were chosen according to the fol-
lowing criteria. (i) Broad and unstructured emission spec-
tra minimize the dependence of the shape of the spectra
on instrument spectral bandpass/instrument resolution. (ii)
Moderate to strong fluorescence quantum yields increase the
signal-to-noise ratios and strongly reduce the influence of
stray light, solvent emission, and fluorescent impurities on
the emission spectra. (iii) For the design of a standard set, the
fluorescence spectra of spectrally neighboring chromophores
must cross at points of sufficient fluorescence intensity, e.g.,
at least at 20% of the relative maximum fluorescence in-
tensity. (iv) The minimum spectral overlap between absorp-
tion and emission of the kit components results in a very
moderate influence of dye concentration and measurement
geometry on the spectral shape of the emission spectra of
the fluorescence standards. (v) The in most of the cases only
very moderate dependence of the spectral shape of the dyes’
emission spectra on excitation wavelength provides a cer-
tain flexibility of the excitation wavelengths to be used [9].
(vi) The small fluorescence anisotropy () of the dyes, e.g.
r <0.05 within the analytically relevant room temperature
region yields a virtually isotropic fluorescence [8]. This cir-
cumvents additional polarization effects and thus minimizes
uncertainties for the use of the fluorescence standards un-
der measurement conditions that can dispense with or for
instruments that lack polarizers. (vii) The thermal and pho-
tochemical stability of the kit components has been tested
in the solid state and in ethanolic solution under as many
application-relevant conditions as possible to guarantee for
a sufficient stability of the reference materials and to de-
fine the shelf life and storage conditions of the kit [9]. As
described in the certificate, ready-made bottled BAM-F001,

BAM-F002, BAM-F003, BAM-F004, and BAM-F005 can
be stored in the refrigerator at 4°C for 6 months without any
changes in their certified properties. Solutions of these dyes
can be used for a week at maximum, if stored in the dark
at 4°C in properly closed containers. Uptake of water has
to be minimized to avoid spectral changes of the emission
spectra of the kit components and thus deviations from the
certified property. (viii) The purity of the kit dyes was deter-
mined by several analytical techniques such as e.g., liquid
chromatography with absorption and fluorescence detection,
gas chromatography, and quantitative NMR [9]. This guar-
antees for the reproducibility of the kit components if the
material on stock is eventually consumed. (ix) With the sup-
ply of the kit solvent ethanol with BAM-F001-BAM-F005,
effects of the microenvironment on the dyes’ emission spec-
tra are minimized. The fullfillment of these requirements
renders the Calibration Kit Spectral Fluorescence Standards
not only suitable for the reliable calibration of spectrofluo-
rometers in 0°/90° measurement geometry employing 1-cm
cells, but also for use in different measurement geometries
and in different sample containers. Moreover, it eventually
provides the basis for the adaptation of the Calibration Kit to
the characterization of a broad variety of different types of
fluorescence instruments ranging from spectrofluorometers
over microplate readers to spectral imaging systems [18].

Evaluation of the calibration kit spectral fluorescence
standards in interlaboratory comparisons

Both the corrected emission spectra of BAM-FO01-BAM-
FOO5 and the determination of a dye-based emission-
correction curve with the BAM kit and LINKCORR have
been evaluated and confirmed in an interlaboratory com-
parison of the National Metrological Institutes NIST, NRC,
PTB, and BAM [9,19, mauscript in preparation]. This com-
parison included the measurement of the corrected emis-
sion spectra of the dyes in two measurement geometries,
i.e., 0°/90° and 45°/0° and at two different concentrations
with four fluorescence instruments of different design that
were all traceably calibrated with different physical transfer
standards (PTS) employing source- and detector-based cal-
ibration schemes. In a second step, the corrected emission
spectra of the three test dyes X, QS, and Y obtained with
a PTS- and a kit dye-based spectral correction were com-
pared. In all cases, the agreement of the spectra was excellent
[19].

Moreover, this calibration tool has been successfully
tested with several types of common spectrofluorometers
by selected users from industry and academics. Exemplary
chosen results are depicted in Fig. 4 that compares the un-
corrected and kit dye-based corrected emission spectra of
the dyes X, QS, and Y measured with four typical fluoro-
meters. As follows from Fig. 4, the comparability of the kit
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Fig. 4 Evaluation of the Calibration Kit Spectral Fluorescence Stan-
dards with common spectrofluorometers. Kit dye-based spectral cor-
rection of the uncorrected emission spectra of the test dyes X, QS, and
Y (top) measured with four different fluorometers and comparison of
the resulting corrected emission spectra (bottom). A comparability of
the corrected spectra better than 10% is achieved

dye-based corrected fluorescence spectra is better than 10%.
This is similar to what is achievable with physical transfer
standards in an expert laboratory but with a much more te-
dious and time-consuming procedure and severe geometry
restrictions [8,14,17,19].

Conclusion and outlook

With the Calibration Kit Spectral Fluorescence Standards
BAM-F001-BAM-F005, we developed a simple, flexible,
and traceable tool for the characterization and long-term
control of the relative spectral responsivity of fluorescence
instruments as well as for the determination of corrected, i.e.,
instrument-independent emission data. This provides the ba-
sis for an improved reliability and comparability of emission
data across instruments and over time on a very broad level
and presents a first step towards the standardization of flu-
orescence techniques. This kit that has been optimized for
spectrofluorometers, a measurement geometry of 0°/90°, and
1-cm cells, can be employed for a broad variety of measure-
ment geometries and different formats or sample containers.
Due to the unique properties of its components, BAM-F001—
BAM-F005 can be adapted to the calibration of other types
of fluorescence instruments such as e.g., microplate readers
and spectral imaging systems with proper consideration of
the underlying measurement principles. The potential and
limitations of the kit for the characterization of the latter are
currently being investigated.
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