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Abstract The need for standardization in fluorescence measurements to improve quality
assurance and to meet regulatory demands is addressed from the viewpoint of National
Metrology Institutes (NMIs). Classes of fluorescence standards are defined, including in-
strument calibration standards for the determination and correction of instrument bias,
application-specific standards based on commonly used fluorescent labels, and instru-
ment validation standards for periodic checks of instrument performance. The need for
each class of standard is addressed and on-going efforts by NMIs and others are de-
scribed. Several certified reference materials (CRMs) that have recently been developed
by NMIs are highlighted. These include spectral correction standards, developed inde-
pendently by both NIST and BAM (Germany), and fluorescence intensity standards for
flow cytometry, developed by NIST. In addition, future activities at both institutes are
addressed such as the development of day-to-day intensity standards.
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Abbreviations

ABC Antibody binding capacity

ASTM ASTM International

BAM Federal Institute for Materials Research and Testing, Germany
CRM Certified reference material

EEM Excitation-emission matrix

FDA  United States Food and Drug Administration

FL1  First fluorescence channel of a flow cytometer

ISO  International Organization for Standardization, Geneva
IUPAC Union of Pure and Applied Chemistry

LED Light emitting diode

MESF Molecules of equivalent soluble fluorophore

NBS National Bureau of Standards, USA

NIST National Institute of Standards and Technology, USA
NMI National Metrology Institute

NPL National Physical Laboratory, UK

NRC National Research Council, Canada

OLED Organic light emitting diode

PTB  Physikalisch-Technische Bundesanstalt, Germany

R Measured reference signal

S Measured fluorescence signal, uncorrected

Scor  Measured fluorescence signal, corrected for detection system responsivity
SOP  Standard operation procedure

SRM® Standard Reference Material®

1
Introduction

The use of fluorescence continues to increase in the life and material sci-
ences with many techniques having matured to a state where quantification
is desired [1-6]. Compared to other prominent analytical methods, however,
standardization of fluorescence measurements is still in its infancy, despite
the fact that it is not a new technique. Its birth was marked by Stokes’ study
of quinine sulfate in 1852 [7], where he used what can today be recognized
as a basic fluorometric setup, but it was not until the appearance of the first
commercial instruments in the late 1950s that fluorescence became a com-
mon analytical tool [8]. Since this time, the range of fluorescence-based
techniques has expanded greatly with parameters measured including (inte-
gral) fluorescence intensities at selected excitation and emission wavelengths
and polarization conditions, often in combination with spatial and temporal
resolution, and increasingly at the single-molecule-detection level. However,
what is often overlooked is that all types of fluorescence measurements yield
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signals that contain both analyte- and instrument-specific contributions, and
the resulting demand to remove the latter from the former to obtain fluo-
rescence data comparable across instruments, laboratories, and over time is
increasing [9]. Further fluorescence-inherent drawbacks relate to difficulties
in accurately measuring absolute fluorescence intensities and hence in real-
izing true quantitative measurements [10]. In addition, the sensitivity of the
absorption and fluorescence properties of most chromophores to their mi-
croenvironment can hamper quantification based on measurements of rela-
tive fluorescence intensities. Despite these problems and the ever-increasing
complexity of fluorescence instrumentation, there are still very few commer-
cially available reference materials to aid in the qualification of fluorescence
instruments and the validation of related measurements or assays. Moreover,
guidelines for the characterization of fluorescence instruments and for the
performance and evaluation of selected measurements that were developed,
mostly in the 1980s, e.g., by ASTM International, the Ultraviolet Spectrome-
try Group, a UK-based forum of spectrometer users from industry, academia
and government, and the International Union of Pure and Applied Chemistry
(IUPAC), focus mainly on steady-state fluorometry and do not include more
modern fluorescence instrumentation and methods [11-16].

The present state of standardization of fluorescence measurements is
closely linked to past and ongoing efforts of National Metrology Institutes
(NMIs) in the development of fluorescence standards. In the late 1960s, the
National Bureau of Standards (NBS), now known as the National Institute
of Standards and Technology (NIST), became involved in fluorescence spec-
trometry to characterize “television” phosphors provided as NBS Standard
Sample Phosphors [17]. By the early 1970s, NBS as the most active NMI in
the fluorescence area! started to develop material standards for the calibra-
tion of fluorescence spectrometers and held related workshops to meet the
demands of the clinical chemistry community [18,19]. In addition, a high-
accuracy fluorescence spectrophotometer was built and qualified to achieve
the levels of precision and accuracy required for certified reference materials
(CRMs) [20-22]. This instrument was used to certify the corrected emission
spectrum, i.e., the instrument-independent spectrum, of Standard Reference
Material® (SRM®) 936 Quinine Sulfate Dihydrate in 1979 [23], which covers
the spectral region from about 395 to 565 nm.? This material was the first
spectral correction standard for fluorescence to be released by an NMI and is
still available as SRM 936a [9, 24]. In 1989, SRM 1931 [25] was released as a set
of four solid spectral fluorescence standards in a cuvette format, but was re-
stricted in measurement geometry and certified using polarizers [26]. These

1 BAM (Federal Institute of Materials Research and Testing, Germany), NRC (National research Council,
Canada), NPL (National Physics Laboratory, UK), and TKK (Metrology Resrach Institute, Finland) were
mainly active in the area of colorimetry or so-called bispectral fluorescence at that time.

2 Fluorescence intensities of >10% of the emission at the maximum of the band are required at least
for spectral calibration with acceptable uncertainties.
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efforts provided the basis to establish how and why users of fluorescence
techniques should regularly calibrate their instruments and initiated the de-
velopment of physical and chemical transfer standards of varying quality by
a number of companies [9].

Despite the existing literature on instrument calibration [1, 5, 14, 19, 22],
pressures from regulatory agencies, and the global trends of quality assurance,
traceability, and accreditation [27, 28], many users of fluorescence techniques
continue to restrict instrument characterization to calibration curves of fluo-
rescence intensity versus concentration for quantifying analyte concentrations
of unknowns. The influence of other instrument parameters on measured flu-
orescence quantities, such as emission spectra, is typically neglected, or the
necessary corrections are expected to be included in the instrument manu-
facturer’s software. At the same time, many of the newer fluorescence-based
assays are employed in the highly regulated areas of clinical diagnostics, drug
production, and environmental monitoring. In addition, the desire for an-
alyte quantification from fluorescence measurements is ever-increasing in
both conventional areas, e.g., spectrofluorometry, flow cytometry, and fluores-
cence assay technologies and newer areas with more complex instrumentation,
e.g., fluorescence imaging techniques such as (confocal) fluorescence mi-
croscopy and fluorescence-based microarray technology. These developments
demanded a reassessment of effective instrument calibration and qualification
procedures and encouraged several NMIs, including the Federal Institute for
Materials Research and Testing (BAM, Germany), NIST (USA), National Phys-
ical Laboratory (NPL, UK), National Research Council (NRC, Canada), and the
Physikalisch-Technische Bundesanstalt (PTB, Germany), to become more ac-
tive in the past several years in fluorescence standardization. In combination
with the output from recent fluorescence workshops and questionnaires, or-
ganized by NIST [29-34] and BAM [35], this situation motivated BAM and
NIST to dedicate research activities to the development of reliable instrument-
type and application-specific fluorescence standards for various fluorescence
techniques. In this chapter, recent, ongoing, and future standard activities at
NIST and BAM are presented and directions still needing to be explored and
addressed by NMIs in the fluorescence area are highlighted.

2
Fluorescence Standards:
Types, Requirements and Quality Criteria for Choice

2.1
Classification of Fluorescence Standards

Fluorescence standards can be divided into three general types: (i) instru-
ment calibration standards, both physical and chemical, i.e., chromophore-
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based, for the determination and correction of instrument bias; (ii) appli-
cation-specific fluorescence standards, based on routinely measured fluo-
rophores or closely related®> chromophores that take into account the fluo-
rescence properties of typically measured samples and are thus particularly
useful for the validation of methods involving such samples; and (iii) instru-
ment validation standards, both physical and chemical, for periodic checks
of instrument performance [9]. Standards of the first type include spectral
fluorescence standards with known corrected, i.e., instrument-independent,
spectra [9]. A classic example of application-specific fluorescence standards
are fluorescence intensity standards that relate chemical concentration to
instrument response. Such materials are fluorophore-specific. Fluorescence
quantum yield standards [9], which belong to this class of standards as
well, can be used to link fluorescence intensity to an absolute scale. Exam-
ples of instrument validation standards are day-to-day intensity standards,
which test the instrument’s day-to-day performance and long-term stabil-
ity and may even enable correction for these variabilities. Such standards
can also be applied as instrument-to-instrument intensity standards for the
comparison of measured fluorescence intensities between instruments when
measurement parameters are fixed. Requirements on different types of fluo-
rescence standards, similar to those given here, have recently been defined by
BAM [9].

2.2
Quality Criteria for Fluorescence Standards

The value of a physical or chemical fluorescence standard depends on its
suitability and reliability for the respective task, e.g., instrument characteri-
zation or quantification. Criteria for the production of reference materials -
and thus also of fluorescence standards - are stated in ISO Guide 34 [36] and
ISO Guide 35 [37], the calculation of uncertainties is described in the Guide
of the Measurement of Uncertainty (GUM) [38], and traceability is defined in
EN ISO/IEC 17025 [28].

The reliability of a fluorescence standard is determined by the characteri-
zation of its calibration-relevant properties [9]. This includes the characteri-
zation of the instrument and the measurement conditions used for the deter-
mination of the calibration-relevant quantity or quantities, the standard’s sta-
bility under application-relevant conditions that determine its shelf life and
storage conditions, and the uncertainty of the certified/characterized quan-
tity or quantities. Moreover, additional information relevant for proper use of
the standard, a well-defined scope, limitations for use, and a tested standard
operation procedure (SOP) should be mandatory. In principle, fit-for-purpose

3 “Closely related” refers to spectral behavior, i.e., matching or similar absorption and emission
spectra.
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fluorescence standards, designed for a broad community of users of fluores-
cence techniques, need to consider typical samples to be encountered and
measurement conditions commonly employed. These include measurement
geometry, format of the sample, and common instrument settings. Also, the
radiated/emitted intensity and the size and shape of the radiating volume of
standard and sample should be comparable. This allows instrument calibra-
tion and fluorescence measurements to be made under similar conditions
while the instrument’s detection system is operated within its linear range.

To minimize standard-related uncertainties for the three types of fluores-
cence standards, information on the wavelength and temperature dependence
of the application-relevant fluorescence properties is mandatory as well as on
the concentration dependence of these features where applicable. Values of
the fluorescence anisotropy should be provided as this quantity determines
the need for the use of polarizers and the size of polarization-related contri-
butions to the overall uncertainty. Also the determination of the standard’s
purity including method of analysis and respective uncertainty is important
as dye purity can affect the standard’s spectroscopic properties, photochemi-
cal and thermal stability, and reproducibility. Dye purity can vary substantially
between different dye manufacturers and lots (see Fig. 1) and has histori-
cally contributed to errors in reported spectroscopic quantities, such as molar
absorption coefficient [39] and fluorescence quantum vyield [40]. For liquid
standards, the solvent to be employed also needs to be characterized with re-
spect to properties potentially affecting fluorescence, such as water content for
hygroscopic solvents and pH and ionic strength for aqueous solvents. Alterna-
tively, the solvent should be provided with the standard at a constant quality
level. Solid standards require additional characterization of the homogeneity
of the dye’s distribution in the matrix to guarantee a uniform fluorescence.
Additional requirements inherent to the respective application and type of
fluorescence standard can be found in the corresponding sections.

The majority of fluorescence standards recommended in the literature,
commercially available, or in-house prepared [9] do not meet these criteria.
This results in an enhanced calibration or measurement uncertainty or, at
worst, an instrument characterization that is not reliable. Also, these stan-
dards typically do not yield traceability to the spectral radiance or spectral
responsivity scale relevant for fluorometry; see also Chap. 3 on the traceabil-
ity of fluorometry in this book [41]. In contrast, reference materials from
NMIs are supplied with certified values and uncertainties that apply to the
individual or batch material and follow the GUM, are produced according to
ISO Guides 34 and 35, and are traceable to SI units whenever possible. In add-
ition, NMIs are typically required to have the highest confidence possible in
the measured values for reference materials before these materials can be re-
leased as CRMs [42]. Measurement integrity of (certified) values is assured by
the determination of these values with multiple, independent techniques, the
investigation of all known or suspected sources of error, and the performance
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Fig.1 HPLC diagram of an exemplary organic dye revealing typical deviations in dye
purity between batches from different dye manufacturers. Depending on the chemical
nature and spectroscopic properties of the impurities, this can affect the spectroscopic

properties of a dye, such as molar absorption coefficient (at a selected wavelength) and
fluorescence quantum yield, as well as its photochemical and thermal long-term stability

of interlaboratory comparisons with other NMIs. At present, NIST and BAM
are the only NMIs releasing CRMs for the characterization of fluorescence
instruments [43-50].

2.3
Fluorescence Calibration Standards

Outcomes from recent workshops organized by NIST and BAM and results
from distributed questionnaires have highlighted the importance of fluores-
cence calibration standards and certified, corrected fluorescence spectra to
the fluorescence community [29-35]. This includes wavelength standards
with multiple narrow emission bands spanning the UV/Vis/NIR spectral
region to validate the wavelength accuracy of wavelength-selecting optical
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components [51] and so-called emission and excitation standards having
broad unstructured spectra for the determination of the spectral responsivity
and intensity characteristics of fluorescence instruments [9, 52-54]. A num-
ber of spectral fluorescence standards have been reported in the literature and
several are available from commercial (non-NMI) sources. However, none of
these materials are supplied with traceable and certified, corrected fluores-
cence data and corresponding wavelength-dependent uncertainties [9, 55].*
In particular, the reliability of the corrected emission spectra of emission
standards is often questionable.

The importance of such fluorescence calibration standards, particularly
of emission standards, is obvious as measured fluorescence signals are not
only determined by the analyte’s absorptance at the excitation wavelength
and its spectral fluorescence yield, but also contain contributions from
the instrument-specific spectral irradiance at the sample position and the
instrument-specific spectral responsivity of the emission channel or detec-
tion system [9, 14, 56-58]. These two quantities are wavelength dependent (see
Figs. 2 and 3 [58, 59]). This is a result of the combination of the wavelength
dependence of the spectral radiance of the excitation light source, the trans-
mittance of components like lenses, mirrors, filters, monochromator gratings
and polarizers in the optical paths of the excitation and emission channels, and
the spectral responsivity of the detector of the fluorescence instrument, In add-
ition, they are polarization dependent, as discussed in Chaps. 3 and 6 in [41, 60],
and time dependent, due to aging of instrument components.
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Fig.2 Excitation intensity or flux at the sample position of a typical spectrofluorometer
measured with a calibrated detector

4 See for instance Invitrogen or former Molecular Probes, Starna GmbH, Matech Precision Dynam-
ics Corp., Labsphere Inc., LambdaChem GmbH and Photon Technology International Inc. (DYAG,)
FA-2036. Certain commercial equipment, instruments, or materials are identified in this chapter to
foster understanding. Such identification does not imply recommendation or endorsement by the
National Institute of Standards and Technology, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.
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Fig.3 Relative spectral responsivity of the emission channel of a typical spectrofluorom-
eter measured with a calibrated lamp

The influence of these instrument-specific quantities on fluorescence data
is illustrated in Fig. 4 [58, 59] for an excitation-emission matrix (EEM) or so-
called total fluorescence spectrum of tryptophan. This figure compares the
measured uncorrected signal S (Fig. 4a), the excitation intensity-corrected
signal S/R (Fig. 4b) that takes into account the wavelength dependence of the
spectral irradiance of the instrument’s excitation channel shown in Fig. 2,
and the excitation- and emission corrected, i.e., instrument-independent, sig-
nal Scor/R (Fig. 4c). The last considers both instrument-specific quantities.
As follows from a comparison of these signals, without any spectral correc-
tion, two peaks are observed instead of one with both dramatically shifted by
100 nm or more (see Fig. 4a). When only the excitation intensity correction
is applied, a single, qualitatively correct spectrum is obtained, but the peak
is still shifted by about 12 nm (see Fig. 4b). The obvious differences between
these data clearly demonstrate the need for and importance of the spectral
correction of excitation and emission spectra and EEMs for comparable flu-
orescence data.

As only relative fluorescence intensities are typically measured, correc-
tion of measured data for the relative spectral irradiance of the excita-
tion channel (termed excitation correction) and/or the relative spectral re-
sponsivity of the emission channel (termed emission correction) are suf-
ficient [9,56-58], as detailed in Chap. 3 in [41]. In most cases, there is
no need to link fluorescence intensity to an absolute scale, ie., to abso-
lute radiometric units. When quantification from or longterm comparability
of measured relative fluorescence intensities is desired, the requirements of
most users can be satisfied using either a calibration curve for concentra-
tion or a (relative) day-to-day intensity standard, as described in a forth-
coming section, in addition to the correction for the instrument’s spectral
characteristics.
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Fig.4 Comparison of contour-plotted EEM spectra for tryptophan, where the fluores-
cence intensity is a S the measured uncorrected signal, maxima at (Agx, Agm) = (265 nm,
452 nm) and (330 nm, 446 nm), b S/R the signal corrected for the spectral irradiance at
the sample position, shown in Fig. 2, maximum at (Agx, Agm) = (275 nm, 358 nm), and
¢ S/R. the instrument-independent signal, corrected for both the instrument’s spectral ir-
radiance and its spectral responsivity, displayed in Figs. 2 and 3, maximum at (Agx, Agm)
= (275 nm, 346 nm)

2.3.1
Emission Standards with Certified Corrected Emission Spectra

The relative spectral responsivity of the emission channel of a fluorescence in-
strument can be most easily determined with chromophore-based emission
standards, whose corrected, i.e., instrument-independent emission spectra
are known and preferably certified. Accordingly, both BAM and NIST have re-
sponded to the increasing need for quality assurance in fluorescence in the
past several years by qualifying fluorescence spectrometers for measuring
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corrected fluorescence spectra [56, 58, 59]. These instruments have been and
will be used for the certification of corrected fluorescence spectra with known
uncertainties [44,45,61]. As a first step towards standardization of the spec-
tral characteristics of fluorescence instruments on a broad level, BAM and
NIST have independently developed new sets of standards for the determin-
ation of the relative spectral responsivity of fluorescence instruments and the
spectral correction of emission data.

The BAM Calibration Kit Spectral Fluorescence Standards released in Jan-
uary 2006 [62,63] consists of the five spectral fluorescence standards BAM-
F001 through BAM-F005 (equaling the organic dyes A-E in earlier publi-
cations) with certified, normalized, corrected emission spectra covering the
spectral range from 300 to 770 nm as a set (see Fig.5). These dyes are
provided as ready-made bottled solids, either as a kit [61-63] or individ-
ually [46-50]. They are readily transformed into dye solutions that can be
measured without any additional dilution steps with routinely used settings
of the fluorescence instrument to be calibrated. To minimize standard-related
uncertainties, BAM developed the software LINKCORR for data evaluation
and spectra linking [9, 61, 62].> The wavelength-dependent, expanded rela-
tive uncertainties supplied include uncertainties related to the calibration of
the BAM fluorometer and to the measurement of fluorescence spectra with
this instrument, as well as material-related uncertainties, such as batch-to-
batch dye homogeneity and thermal stability [61-63]. The influence of other
parameters, such as the bandwidth of the emission monochromator, tempera-
ture, and the excitation wavelength, was minimized by careful choice of stan-
dard materials [46-50, 61-63]. Due to their liquid nature and the minimum
spectral overlap between their absorption and emission spectra, BAM-F001
through BAM-F005 offer a unique flexibility with respect to measurement
geometry, format, and type of fluorescence instrument to be calibrated [63]
and have been successfully used for the characterization of microplate readers
and for the characterization of the spectral characteristics of spectral imaging
systems [64]. Moreover, the BAM spectral fluorescence standards can be used
in conjunction with all types of light sources (continuous and pulsed-lamps,
lasers etc.) due to their short fluorescence lifetimes of a few nanoseconds.

The two new NIST standards, SRMs 2940 (Orange Emission) and 2941
(Green Emission) Relative Intensity Correction Standards for Fluorescence
Spectroscopy, cover the spectral region from 395 to 780 nm, when combined
with SRM 936a Quinine Sulfate Dihydrate as a set (see Fig.6 [59]) [65].
SRMs 2940 and 2941 [44,45] are ready-to-use, cuvette-shaped glasses with
three long sides polished and one side frosted, allowing measurements using
instruments with 0°/90°, front-face or epifluorescence geometries. Similar to

5 BAM-F001-BAM-F005 ready-made from Sigma-Aldrich Production GmbH (former Fluka Produc-
tion GmbH) are available from BAM or from Sigma-Aldrich. The corresponding product numbers
from Sigma-Aldrich are 97003-1KT-F for the Calibration Kit and 72594, 23923, 96158, 74245, and
94053 for BAM-F001-BAM-F005, respectively.
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Fig.6 Normalized corrected emission spectra of the spectral correction standards SRMs
2940, 2941, and 936a

BAM-F001 through BAM-F005, the supplied uncertainties of the certified cor-
rected emission spectra of the NIST SRMs arise from uncertainties related
to the measurements by and calibration of the spectrofluorometer used for
certification [58], as well as from material-related uncertainties. In the case
of the new NIST SRMs, the latter includes the dependence of the emission
spectra on excitation wavelength, spectral bandpass, concentration (inner fil-
ter effects), polarization of the excitation beam, responsivity of the detection
system to fluorescence with different polarizations, and sample temperature.
Information provided with each standard will include the temperature co-
efficient for fluorescence intensity and the anisotropy of the fluorescence at
the peak maximum along with instructions for use. Software for calculating
values and uncertainties of the certified spectra for any emission wavelength
or wavelength interval will also be supplied. The certified values of these
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SRMs are valid for ten years from the date of issue (April 2007). Due to the
comparably long luminescence lifetimes of the dopants, inorganic metal ions,
in the ps to ms region, use of these materials is recommended for instru-
ments equipped with continuous light sources. In the case of pulsed light
sources, the emission properties of these dopants can be affected by measure-
ment parameters, such as pulse duration, delay, and gate [9], see also Sect. 2.5.
For instance, the certified values for SRM 2941 can, but those for SRM 2940
cannot, be used, with pulsed light sources.

2.3.2
Interlaboratory Comparison on Corrected Emission Spectra

Along with the certification of their new spectral fluorescence standards,
NIST and BAM organized a comparison amongst the NMIs (NRC, PTB, NIST,
and BAM) active in the area of high precision spectrofluorometry to eval-
uate the comparability of their emission spectra measurements. This study,
which will provide the basis for future steps towards instrument standard-
ization and will be jointly published, focused on the determination of the
relative spectral responsivity of spectrofluorometers in a 0°/90° (PTB, BAM,
and NIST) and 45°/0° (NRC) measurement geometry using both physical
transfer standards, i.e., calibrated lamps and detectors, and spectral fluores-
cence standards, here BAM-F001 through BAM-F005.

233
Chromophore-Based Wavelength Standards

Current research activities at NIST and BAM include the development of
wavelength standards for the control of the wavelength accuracy and spec-
tral resolution of fluorescence measuring systems in the UV/Vis/NIR spectral
region [9, 51]. These materials are not intended as substitutes for atomic dis-
charge lamps that, having extremely narrow emission lines and well known
spectral band positions (including uncertainties) [65], are commonly used
for the calibration of the wavelength scale of high precision spectrofluorome-
ters to an accuracy of typically £0.5 nm [11, 67, 68]. However, chromophore-
based wavelength standards present an elegant, easy-to-use alternative to
such lamps, particularly for compact fluorescence instruments with a reduced
spectral resolution, such as portable fluorometers, spectral imaging systems,
or certain microplate readers, which are becoming increasingly more preva-
lent [9,51]. Suitable materials should emit a multitude of narrow emission
bands or lines in the UV/Vis/NIR region properly separated by at least 20 nm.
Structured or very narrow bands may be used for the determination of the
instrument’s spectral resolution.

A variety of materials are potentially suited as chromophore-based wave-
length standards, including inorganic crystals and glasses and organic-doped
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polymers [9,55,69]. Both BAM and NIST are developing glass-based wave-
length standards, such as cuvette-shaped glasses doped with a variety of
different inorganic metal ions [9, 51]. Since the narrow spectra of these can-
didate wavelength standards are emitted as a consequence of absorption of
the instrument’s excitation light, and the intensity of the luminescence can
be controlled via dopant concentration, the shape and size of the radiat-
ing volume and the spectral radiance/fluorescence intensity of such a solid
standard can be made comparable to that of commonly measured samples.
Accordingly, they can be used under routine measurement conditions. This
may not necessarily be true for a comparatively bright atomic discharge
lamp which must be attenuated to avoid detector saturation and where im-
proper alignment of the lamp can lead to wavelength biases. BAM’s candidate
wavelength standards, which are currently tested with spectrofluorometers
at a 0°/90° measurement geometry, may be eventually provided in different
formats for different fluorescence techniques including, for instance, fluo-
rescence microscopy. As spectral bandpass can vary amongst instrument
manufacturers, e.g., portable fluorometers or spectral imaging systems, and
potential candidates for wavelength standards do not typically have symmet-
ric emission bands, these wavelength standards will be certified at multiple
bandwidths or spectral bandpasses, some narrow and some broad similar to
the certification of the Calibration Kit Spectral Fluorescence Standards BAM-
F001-BAM-F005 [46-50, 61, 62] and SRM 2034 Holmium Oxide Solution or
SRM 2065 UV/Vis/NIR Transmission Wavelength / Vacuum Wavenumber Stan-
dard, wavelength standards for UV/Vis absorbance.

24
Application-Specific Fluorescence Intensity Standards

Quantification of fluorophores from measurements of fluorescence intensities
is hampered by two facts: the very challenging determination of absolute flu-
orescence intensities and the sensitivity of the molar absorption coefficients
and fluorescence quantum yields of most chromophores to their microen-
vironment. Measurement of absolute fluorescence intensities imposes very
strong requirements on instrument calibration because the spectral charac-
teristics of the fluorescence instrument used need to be considered, as de-
tailed in the previous section, as well as the collection efficiency of the instru-
ment’s detection system, a similarly instrument-specific property that is even
more difficult to measure. Tedious measurements of absolute fluorescence in-
tensities can be elegantly circumvented by the use of fluorescence intensity
standards that link the measured fluorescence intensity of a sample to that of
a standard, thereby defining a relative intensity scale comparable across in-
struments and laboratories. In the following, approaches to and examples of
fluorescence intensity standards [9] from NIST and BAM, along with strate-
gies to minimize the influence of dye microenvironment on quantification are
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presented. Day-to-day and instrument-to-instrument intensity standards that
have a similar scope are detailed in a later section.

2.4.1
Fluorescence Quantum Yield Standards

Fluorescence quantum vyield standards, which are employed as a reference
for the determination of the (relative) fluorescence quantum yield of an an-
alyte, are typically not based on the same fluorophore as the sample, contrary
to the fluorescence intensity standards detailed in the next section that re-
late chemical concentration to instrument response [9]. They do not require
matching of the spectra of the standard and the sample, but both systems
should absorb and emit within comparable spectral regions [9]. However,
spectrally corrected emission spectra for both the standard and the sample
are mandatory in the vast majority of cases [1, 4, 5, 14]. The most stringent re-
quirements on these standards are a reliable fluorescence quantum yield with
a stated uncertainty and properly defined and reported measurement con-
ditions, such as matrix, oxygen concentration, temperature, and excitation
wavelength, as well as dye purity and applicable concentration range. These
requirements are typically not fulfilled for most fluorescence quantum yield
standards described and recommended in the literature [9] (see also Chap. 4
on fluorescence quantum yield standards) [70]. This encouraged BAM to in-
vestigate different strategies for the reliable determination of fluorescence
quantum yields and to characterize existing and develop new fluorescence
quantum yield standards. As a first step towards standards with certified flu-
orescence quantum yields, BAM is testing a set of fluorophores emitting in
the UV/Vis/NIR region and characterizing a new, recently built reference flu-
orometer designed for the determination of absolute fluorescence quantum
yields [57, 58]. Such standards and the measurement of absolute fluorescence
quantum yields are likely to gain in importance due to an increasing desire
for reliable relative and absolute fluorescence quantum yields of a variety of
materials, including those used in LEDs and OLEDs [71],° as well as NIR
fluorophores.

24.2
Standards that Relate Chemical Concentration to Instrument Response

Standards that relate chemical concentration to instrument response com-
pare the fluorescence intensity of a sample to that of a standard of known
fluorophore content under identical measurement conditions to quantify the
concentration or number of fluorophores. Accordingly, the same fluorophore
as that to be quantified in the sample is used for the production of this type

6 LED: light emitting diode; OLED: organic light emitting diode.
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of intensity standard. To eliminate errors in quantification, the dye purity in
the reference material needs to be determined (see Sect. 2.2 and Fig. 1) [39],
aggregation should be avoided, and the chromophore(s) to be detected in the
sample and in the standard have to be in the same microenvironment to guar-
antee identical molar absorption coefficients (at the excitation wavelength),
fluorescence spectra, and fluorescence quantum yields [72]. In December
2004, NIST issued SRM 1932 Fluorescein Solution, a solution of high and
well characterized purity of the most widely used fluorescent label, fluores-
cein, dissolved in a borate buffer at pH 9.5, and certified this solution for
concentration. This included the identification of the chemical nature of im-
purities and the determination of their relative percentages, using at least
seven different analytical techniques including 'H-NMR, HPLC, and a var-
iety of elemental analyses [43], following the NIST guidelines for the traceable
assessment of chemical purity [73].

243
The MESF Concept

For the majority of fluorescence techniques, the criterion of matching mi-
croenvironments between sample and standard can only be met to a cer-
tain degree. This is particularly true for the comparison of free and immo-
bilized fluorophores, i.e., dyes attached to beads, particles or macro- and
biomolecules, e.g., polymers, proteins, antibodies, and DNA. Accordingly,
different concepts for fluorescence intensity standards have been developed
that all aim at the consideration and minimization of the effect of dye mi-
croenvironment on fluorophore quantification. For flow cytometry, which has
become a very prominent technique in clinical diagnostics for acquiring cell
counts, such as the fraction of cells infected with a particular antigen in
a blood sample, the concept of molecules of equivalent soluble fluorophore
(MESF) has been introduced [74,75] as an exemplary scheme for reliable
quantification in complex microenvironments.

In flow cytometry, the antibody binding capacity (ABC) or absolute num-
ber of antibodies bound to a single cell is the most important quantity to be
determined [76, 77]. However, the molar absorption coefficient at the excita-
tion wavelength and especially the fluorescence quantum yield can change
dramatically upon attachment to an antibody [78]. Moreover, the number
of fluorophores bound to a particular antibody is both difficult to control
and to determine, and the label density can vary within a batch of labelled
antibodies and between different batches. In addition, flow cytometers can
only measure fluorescence intensities of micrometer-sized structures such
as cells suspended in a liquid. As fluorescently labelled cells are perishable,
the calibration of the fluorescence channel number of flow cytometers is
commonly performed with sets of microbeads with different amounts of
surface-bound fluorophores and assigned MESF units. These units express
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the nominal fluorescence intensity of each type of microbead in terms of the
number of free fluorophores in a standard solution giving an equivalent fluo-
rescence intensity in the same matrix under similar measurement conditions
[9,79-81] (see also chapters on flow cytometry in this book). The ap-
plication and reliability of the MESF concept requires well character-
ized bead-type MESF standards for typical fluorescent labels [82-84],
but few standards of this type and required quality are available. In re-
sponse to this, the flow cytometry community has strongly expressed the
need for better standards of this type in recent years to assign MESF
values [29-33,85]. As a first step to meet these demands, NIST developed
SRM 1932 mentioned in the previous section [43],” a concentration stan-
dard for fluorescein, the first fluorescence channel, FL1, in flow cytometers.
SRM 1932 enables the determination of concentration curves and assign-
ment of MESF values of suspensions of fluorescein-labeled beads, which
can then be used to calibrate the fluorescence intensity scale of FL1 in
terms of MESF values, as illustrated in Fig.7, with the number density
of the microbeads being determined with a Coulter counter. Based on
this intensity calibration, the fluorescence intensity of a single cell stained
with fluorescein-labeled antibodies is then determined in terms of MESF
values.

Even though the MESF concept provides a straightforward intensity scale
comparable across instruments, laboratories, and over time, it is not de-
signed to derive the absolute number of fluorophores in a sample. In add-
ition, the instability of many organic dyes, such as fluorescein, which are
known to degrade when exposed to oxygen or light, requires fresh fluo-
rophore solutions for each calibration. Accordingly, results over time depend
on the reproducibility of these solutions. When applied to integral (broad-
band) fluorescence intensities, such as those typically detected in flow cy-
tometry, the MESF approach relies on matching fluorescence spectra of the
fluorophore in the standard and in the sample or at least knowledge of the
spectral deviations. Here, the availability of corrected emission spectra of
fluorophore-labeled microbeads and representative samples in typically used
solvents, for instance from NMIs, such as BAM and NIST, may be help-
ful to estimate the size of these contributions to the overall uncertainty of
quantification. Moreover, the MESF methodology needs to be extended to
the simultaneous measurement of multiple fluorophores to enable the de-
velopment of assay kits that calibrate each one of the multiple fluorescence
channels in terms of MESF units. One way to approach these challenges with
the limited resources of NMIs could involve collaborations with manufac-
turers of MESF standards and the organization of regular interlaboratory
comparisons.

7 A standard fluorescein solution similar to SRM 1932 is sold by Invitrogen. See the on-line publi-
cation by Molecular Probes at http://probes.invitrogen.com/lit/bioprobes45/bp45_16.pdf.
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Fig.7 Illustration of the MESF assignment process. a MESF assignment of sets of
microbeads with different amounts of surface-labeled fluorescein (RM 8640) with fluores-
cein solution (SRM 1932). These microbeads are used to calibrate the intensity axis of the
fluorescence channel FL1 of flow cytometers thereby enabling the determination of the
MESF values of fluorescein labeled cells. b Representative single-parameter histogram for
CD4 T cells from a B-cell chronic lymphocytic leukemia (CLL) patient and a calibration
curve generated with RM 8640 microbeads. The vertical and horizontal lines with arrow
display the conversion of the channel number to the interpolated MESF values based on

the calibration curve
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25
Standards for Day-to-Day and Instrument-to-Instrument Intensity

2.5.1
General Applications

Most users of fluorescence techniques are not particularly interested in the
measurement of absolute fluorescence intensities, but in the determination
and consideration of the long-term stability of their fluorescence instru-
ment and aging-induced changes in its absolute (spectral) sensitivity, as well
as the comparability of fluorescence intensities across instruments. Accord-
ingly, standards for day-to-day and instrument-to-instrument intensity are
highly requested by many users of fluorescence techniques. Moreover, the
availability of suitable standards of this type will strongly contribute to an
improved quality assurance in fluorometry and eventually to the standard-
ization of instrument qualification and method validation procedures for
particular fluorescence techniques. Of equal interest for many users and es-
pecially for instrument manufacturers is the instrument’s spectral sensitivity
under a particular set of conditions or limit of detection for a particular an-
alyte. Standard methods for measuring the range of linearity of fluorescence
instruments, their dynamic range, and the limit of detection for particu-
lar analytes have been introduced by ASTM [12, 13], but the development of
novel fit-for-purpose methods—preferably in combination with the supply of
suited and well characterized materials to provide the necessary basis for the
reliability and reproducibility of the respective procedure—along with their
international acceptance is needed.

The significance of day-to-day and instrument-to-instrument standards is
related not only to the ever-increasing use of fluorescence measurements and
according need for the qualification of fluorescence instruments but also to
the use of portable fluorometers, microplate and microarray readers, as well
as fluorescence microscopes in drug discovery and clinical diagnostics. For
these highly regulated areas, day-to-day and instrument-to-instrument stan-
dards are elegant tools to establish a comparable fit-for-purpose intensity
scale as well as control charts [9, 10,74,79] for the comparison of fluores-
cence data over time and between laboratories. For the majority of these
instruments, which are filter-based and accordingly perform integral and not
spectrally resolved fluorescence measurements, spectral correction is not yet
an issue.

Day-to-day and instrument-to-instrument intensity standards do not nec-
essarily need to closely match routinely measured samples. However, they
should be measurable with typical instrument settings to guarantee the reli-
ability of the instrument performance and the determination of the spectral
sensitivity under applicable conditions, e.g., at typical spectral irradiances,
within a relevant spectral region [9]. The most stringent requirement is
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either a sufficient, well-characterized stability under applicable conditions, or,
for single-use standards, an excellent reproducibility, preferably in combina-
tion with an assigned uncertainty. Further prerequisites are known corrected
spectra, if their intensities need to be compared with those of other fluo-
rophores or between instruments with different spectral bandpasses.

The best-known day-to-day and instrument-to-instrument intensity stan-
dard of excellent stability is water (typically provided in a sealed cell to
prevent the uptake of impurities) in combination with the so-called Raman
test incorporated into the software of many spectrofluorometers [9, 54, 86].8
Although very convenient, this method is effectively limited to excitation
wavelengths below 400 nm due to the A~*-dependence of the intensity of scat-
tered light. Fluorophores dissolved in a solvent or embedded into a solid
matrix offer a greater flexibility with respect to the spectral region of excita-
tion and emission. In the case of solutions of organic or inorganic dyes, their
suitability is closely linked to the known purity of not only the dye, but also
of the solvent. Depending on the chosen fluorophore, the close spectral match
to typical fluorescent labels can be advantageous. Because many users of fluo-
rescence techniques favor solid materials with an excellent long-term stability
(desired shelf lives of two or more years) over liquid standards to be regularly
replaced, inorganic fluorophores in a glass or polymer matrix are particularly
attractive candidate materials [9, 51, 55, 69, 87]. As prerequisites for ease-of-
use, such solid materials should be transparent, measurable without the use
of polarizers, tested for the homogeneity of the fluorophore content and
the long-term stability under application-specific conditions [36,37],° and
should come with an SOP for proper use. Ideally, they should also be us-
able for many different techniques and thus provided in different formats or
shapes. Some materials are commercially available, but their corrected fluo-
rescence spectra and other relevant information are typically not supplied or
reported [9].

The significance of day-to-day and instrument-to-instrument intensity
standards has motivated NIST and BAM to develop such materials in different
formats for different fluorescence techniques ranging from steady-state fluo-
rescence spectroscopy to fluorescence microscopy to fluorescence-based mi-
croarray technology. Attractive candidates currently tested by both institutes
are inorganic glasses doped with inorganic fluorophores displaying either
broad emission spectra, such as SRMs 2940 and 2941 [44, 45], or narrow line-
shaped spectra covering the UV/Vis/NIR spectral regions [9, 51, 69]. These
metal ion-doped glasses are very robust and do not photodegrade when ex-
cited by a fluorometer’s conventional light source, even over long periods of

8 This test, usually performed at an excitation wavelength of 350 nm and a detection wavelength of
397 nm, employs the Raman line of water to compare the long-term spectral sensitivity of a single
fluorescence instrument or spectral sensitivities between instruments.
° The homogeneity of the dopant also needs to be considered as part of the photochemical stability
studies to determine if local photo degradation effects are significant.
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time. For instance, due to their excellent long-term stability, projected to be
ten years, SRMs 2940 and 2941 are prescribed also for use as day-to-day in-
tensity standards. Since many metal-ion-based dopants have comparably long
emission lifetimes, on the order of milliseconds in many cases [88], when
pulsed light sources are used, the emission properties of these dopants can
be affected by measurement parameters, such as pulse duration, delay, and
gate [9]. Accordingly, reference materials containing such dopants should be
used as day-to-day intensity standards only for a constant set of measurement
parameters. Their suitability as instrument-to-instrument intensity standards
is linked to the application of comparable measurement conditions for the
fluorescence instruments to be compared. As this is often difficult to guaran-
tee, especially since many fluorescence users are not aware of the influence
and control of the relevant instrument parameters, it is recommended to use
materials containing such long lived emitters, as instrument-to-instrument
intensity standards only with instruments using a continuous (non-pulsed)
excitation source [9, 44,45]. In addition to solid materials, BAM is investigat-
ing the potential of the liquid spectral fluorescence standards BAM-F001 to
BAM-F005 for this application not only in a cuvette format, but also, e.g., in
a slide-shaped microchannel device for fluorescence microscopy [9, 51, 64].

2.5.2
Selected Applications: Filter-Based Instruments

The bright future of fluorescence-based assays and microarray experiments
in medical diagnostics and drug discovery encouraged NIST and BAM to ded-
icate resources to the development of day-to-day intensity and instrument-
to-instrument intensity standards for these areas. Moreover, instrument qual-
ification is an important part of assay validation as required by regulatory
agencies, such as the United States Food and Drug Administration (FDA). The
majority of microplate readers, certain types of fluorescence microscopes,
microarray readers and scanners, as well as portable fluorometers are filter-
based instruments that use bandpass filters for wavelength and bandwidth
selection of both excitation and emission. These filters typically have a max-
imum transmittance near the wavelength corresponding to the excitation or
emission maximum of the dye of interest. However, the spectral transmittance
of these filters often varies between manufacturers and on a batch-to-batch
basis. This, combined with the instrument-specific, spectral responsivity of
the detection system, makes fluorophore-specific intensity standards, based
on the same fluorescent labels as used in assays, very attractive. When the
standard and label are spectrally matched, neither a correction for filter
transmittance nor for the spectral responsivity of the detection system has to
be performed. Due to the ever-increasing number of fluorescent dyes, how-
ever, the production of a standard for every type of fluorescent label is not
practical or straightforward and is thus not currently followed either by NIST
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or BAM. Commercial fluorophore-specific standards are available, e.g., for the
labels Cy3 and Cy5.

Day-to-day intensity standards for microplate readers can be made from
solid materials, such as the chromophore-doped glasses already being studied
at NIST and BAM. In principle, such standards can be produced by putting
a mask over a glass slide, thereby mimicking, e.g., a 96-well microplate, or by
filling the wells of a validation microplate with solid materials [87]. In add-
ition, a microfluidic approach, which is generally gaining in importance in
the assay area, may be suitable for the adaptation of liquid fluorescence stan-
dards to the characterization of microplate readers. Both NIST and BAM have
tested existing liquid CRMs for the characterization of microplate readers.
For instance, SRM 1932 fluorescein solution has been used in an interlabo-
ratory comparison of NMIs to evaluate non-biological variations associated
with 96-well microplate readers, i.e., for the determination of the limit of de-
tection, dynamic range, and instrument variables [89].1° BAM successfully
employed BAM-F001 through BAM-F005 for the determination of the relative
spectral responsivity of monochromator-based fluorescence microplate read-
ers and for the determination of the range of linearity and limit of detection
of both filter- and monochromator-based instruments [51, 64].

The variability in the spectral characteristics of filters does not affect
the use of day-to-day intensity standards as long as the same filter is al-
ways employed. This variability, however, can affect the signals obtained with
instrument-to-instrument intensity standards. To account for the influence
of the wavelength dependence of the transmittance of such filters on meas-
ured fluorescence intensities, the transmittance spectra of individual filters,
or batches of filters need to be known. One approach for producing an effect-
ive intensity standard currently discussed at NIST is the supply of a suitable
reference material for a particular spectral region, similar to a spectral cor-
rection standard, along with software that can link the measured fluorescence
intensity onto an absolute scale by considering the transmittance spectrum
of the filters used, along with the corrected fluorescence spectrum of the
standard. This is one possible way to compare spectral sensitivity and ab-
solute intensity between instruments that use the same type of filter set,
without relying on standards that must spectrally match specific fluorescent
labels.

Generally, the quality assurance in the assay area could benefit from
a closer collaboration of standard manufacturers with NMIs, in addition to
the development of standards by NMIs. For instance, NMIs could aid in the
determination of desirable characteristics of existing commercial standards
and validation microplates, such as photostability, homogeneity of the flu-
orescence intensity across the plate, corrected emission spectra, and NMI

10 CCQM P58 “Fluorescence measurement for the life sciences” with CCQM referring to the com-
mittee consultative de la matiere and mutual recognition agreement.
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traceability. NMIs could also contribute to the development of guidelines for
instrument performance validation, together with instrument and standard
manufacturers, regulatory agencies, technical and scientific organizations,
and users from industry and academics.

The obvious future importance of microarray technology in strongly reg-
ulated areas, such as medical diagnostics and homeland security, motivated
NIST to get involved with the development of instrument-type and biological
standards for this research area [9]. The logistics of developing, producing,
and certifying day-to-day and instrument-to-instrument intensity standards
for fluorescence-based microarray scanners are further complicated, beyond
that of standards for microplate readers, by the use of a focused laser for the
excitation of small blotted samples, on the order of 10 to 100 wm, which are
scanned similarly to a confocal microscope. Accordingly, a standard suitable
for the characterization of a microarray scanner needs to be several orders of
magnitude more photostable compared to a corresponding intensity standard
for spectrofluorometry. In addition, the fluorescence intensity from the stan-
dard has to be independent of the instrument geometry at a constant laser
spot volume and power, as some microarray readers use an epifluorescence
and others a transmitting measurement geometry. Ideally, a fit-for-purpose
standard should be made in a blotted pattern similar to a typically measured
biochip. However, it is almost impossible to reach the necessary homogeneity
and photostability with such a design. A fluorescent film is likely to be a better
candidate for achieving these characteristics. Such a film should be compa-
rable to or thinner than the size of the focused laser spot, typically having
a 5pm to 10 wm diameter, to render the fluorescence intensity independent
of instrument geometry.

Only recently, a microarray standards interest group, which includes rep-
resentatives from most of the major microarray reader manufacturers and
from NIST, agreed on specifications for two standards for day-to-day and
instrument-to-instrument intensity comparison and calibration. One stan-
dard should possess a typical medium intensity, corresponding to about 500
fluorophores per square micrometer, and the other a low intensity, corres-
ponding to about 0.5 fluorophores per square micrometer (see Fig. 8). Both
standards will be based on a continuous fluorescent thin film on a 1 mm thick
glass slide with a coating thickness of less than 10 um. These standards will
be certified as possessing an intensity uniformity of 99% or better averaged
over areas of 250 um?, when excited at 532 and 633 nm and supplied with
the certified corrected emission spectrum. The same pair of standards can be
used for both excitation wavelengths or one pair can be made for each wave-
length, depending on the characteristics of the potential candidates. NIST is
presently characterizing candidate materials in collaboration with commer-
cial material manufacturers to determine if materials that appropriately fit the
desired standards criteria can be found.
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Meanwhile, NIST is also testing a commercially available validation slide
from Full Moon BioSystems!! to assess the performance of an array scan-
ner (see also Chap 26 [90]). This slide is composed of a series of known
concentrations of either Cy3 or Cy5 embedded in a polymer matrix and, in
principle, can be used to validate the scanners in terms of dynamic range,
detection limit, and scanning uniformity [91, 92]. The emission spectrum of
Cy5 fluorophores on oligonucleotide microarray slides matches that on the
commercial validation slide and the spectrum of the Cy3 fluorophores on this
slide is red-shifted by 5 nm in comparison to that on the oligonucleotide ar-
rays [93]. This slide does photodegrade, but preliminary results suggest that
fluorescence intensity changes with time and between instruments are de-
tectable using this slide.

3
Conclusion

The urgent need for fluorescence calibration standards and day-to-day inten-
sity standards for the UV/Vis/NIR spectral region motivated NIST and BAM
to develop certified reference materials to meet these demands and to per-
form a first interlaboratory comparison on spectral correction. The ultimate
goal here is to make fluorescence measurements comparable across instru-
ments, laboratories and over time. This comparison marks the beginning of
a fruitful collaboration of NMIs in this area.

U Certain commercial equipment, instruments, or materials are identified in this chapter to foster
understanding. Such identification does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the materials or equipment identified
are necessarily the best available for the purpose.
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To improve the quality assurance in fluorometry and the comparability
of fluorescence data on a broad level, reliable, yet fit-for-purpose, fluores-
cence standards with certified, calibration-relevant properties are manda-
tory, along with internationally accepted recommendations and guidelines
for instrument calibration and performance validation. The fulfillment of
these requirements encourages a close interaction and collaboration between
NMIs, instrument manufacturers, and regulatory agencies. To help users of
fluorescence techniques with the choice of fit-for-purpose standards, qual-
ity criteria for the different classes of fluorescence standards in need have
been defined by NIST and BAM. Moreover, the determination of uncertainties
for representative fluorescence measurements for different fluorescence tech-
niques seems to be helpful, including interlaboratory comparisons between
NMIs, expert laboratories, and routine users. These collaborations help to es-
tablish the achievable repeatability and accuracy of analyte determinations
and assay results that can be eventually considered in recommendations and
guidelines. Additionally, workshops and special training courses on draw-
backs and sources of uncertainties of fluorescence techniques and instrument
characterization—jointly organized by NMIs—may help to broaden the un-
derstanding for the need of an improved quality assurance in fluorometry
within the fluorescence community.
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