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TechNote #TNPJ100

TECHNIQUES FOR OPTIMIZING THE
SENSITIVITY OF FRET ASSAYS

Homogeneous FRET assays have become popular for the detection of molecular
interactions, driven both by the inherent robustness of fluorescence assays and by the
logistic simplicity of their implementation.  Perceived limits to their sensitivity, however,
have mitigated against their use with lower affinity molecular interactions.  Through a
systematic reexamination of FRET assay design and signal detection, opportunities for
significantly enhanced assay sensitivity can be identified.
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INTRODUCTION

OVERVIEW OF FRET DOCUMENTS

This document provides an entry point to a
series of TechNotes discussing the theory
and practice of the detection of molecular
interactions by fluorescence resonance
energy transfer (FRET).  Many of the
principles introduced here require detailed
explanation that goes beyond the scope of
this overview; a reference to a more detailed
TechNote addressing each concept is
provided in the beginning of each
subsection.

We begin with a general description of the
detection of FRET as it is employed in
proximity assays, then continue by briefly
describing each of the factors that must be
taken into consideration during assay
development, measurement and data analysis
to optimize the sensitivity of a FRET assay.



Figure 1 - Measuring a binding event with

PB-FRET

FUNDAMENTALS OF FRET

Background

FRET occurs between two fluorescent
molecules (the donor and acceptor), when
the donor absorbs a photon, elevating an
electron to a higher energy state, and the
excitation energy of this electron is passed,
through resonance, to another electron in the
acceptor.  This energy is then released as a
photon that is less energetic, and therefore of
a different color (longer wavelength), than
the photon initially absorbed.

FRET can only occur when two basic
conditions are satisfied:

C the fluorescent characteristics of the
donor and acceptor permit resonace
energy transfer between them, and

C binding reactions occur that hold the
donor and acceptor in close proximity
(Figure 1).

FRET is thus used as an indicator of binding
reactions between pairs of molecules labeled
with suitable fluorescent molecules.  When
FRET occurs, the fluorescence of the test
mixture is changed in two ways:

C the fluorescence of the acceptor is
increased, due to the release, as photons,
of the energy obtained through
resonance, and

C the fluorescence of the donor is reduced
(quenched), since energy is transferred
through resonance to the acceptor rather
than being released as photons.

Time-resolved FRET

In TRF assays, also referred to as TR-FRET,
HTRF® or LRET, lanthanide derivatives as
donors are paired with phycobiliproteins and
other prompt fluorescent molecules as
acceptors.  The mixture is illuminated
intermittently with a flash lamp and
fluorescence measured during the interval
between flashes.

Phycobiliproteins commonly used as
acceptors include allophycocyanin (APC,
sometimes called XL665 or XLent) and
R-phycoerythrin (RPE).  The phyco-
biliproteins’ multiple fluorophores enhance
their ability to successfully accept energy
transfer from the lanthanides, partially
compensating for the relatively weak
fluorescence of the lanthanides that results
from their low absorptivity and slow
fluorescence release.

APC's emission peak conveniently falls
between the multiple emission peaks of the
most common TRF donor, europium (Eu,
Figure 2), making this the most frequently
used FRET pair for TRF assays.  RPE offers
similar advantages when matched with
terbium (Figure 3).  An additional benefit of
APC as an acceptor lies in the long
wavelength of its emission, which lies in a
region where background fluorescence from
candidates does not often occur.

This FRET technique is referred to as “time-
resolved,” because it utilizes the long
fluorescence lifetime of the lanthanide
derivatives to distinguish (resolve) FRET-
related fluorescence from other possible
sources of fluorescence in the reaction
mixture.  Whether such extraneous
fluorescence represents a genuine



Figure 2 - Emission spectra of Europium

chelate and Allophycocyanin
Figure 3 - Emission spectra of Terbium

chelate and R-Phycoerythrin

Figure 4 - Absorbance and emission spectra

of R-Phycoerythrin and Allophycocyanin

operational concern is unclear, given that
fluorescent molecules that absorb at the short
wavelengths used to excite lanthanides and
emit at wavelengths as long as APC are
relatively uncommon.

Prompt FRET

Prompt FRET is usually measured with
continuous illumination and detection using
fluorescent molecules with nanosecond
fluorescence lifetimes.  The more rapid
turnover of these molecules leads to a
stronger signal in terms of total photons
emitted per fluorophore.

A number of fluorescent molecules are
suitable for prompt FRET, including
fluorescein, rhodamine, coumarin, and even
green fluorescent protein, but phyco-
biliproteins offer the maximum signal
strength available due to their multiple
fluorophores and high quantum efficiency. 
In PB-FRET, phycobiliproteins are used as
both donor and acceptor; the most common  
pairing is RPE as the donor and APC as the
acceptor (Figure 4).  Assays in this format
benefit significantly from the higher
absorptivity of the phycobiliprotein donor,
and produce a signal that is several orders of
magnitude stronger than the signal from TRF
(TechNote TNPJ100.10 PB-FRET vs.
TR-FRET).  Significantly enhanced sensitivity
can result from this stronger signal, with the
single caveat that long-wavelength
background fluorescence, although 

uncommon, provides a potential additional 
source of interference.  Such interference can
be identified through quench-FRET analysis
(TechNote TNPJ100.05 Dissecting FRET Data: 
Quench/FRET Analysis)

Not all instruments designed for TRF
detection are suitable for prompt FRET: 
continuous illumination is sometimes
unavailable or inadequate on instruments
designed with TRF in mind and, in some
cases, the software that controls the
instrument and data handling cannot be
readily modified to implement PB-FRET
assays.



OPTIMIZATION

Attaining the maximum sensitivity possible
with FRET assays requires attention to several
aspects of the assay system.  While discussed
individually, often changes in one will
significantly affect the others.  For the most
part, these same considerations apply
whether it is a PB-FRET or TRF assay under
development.

Historically protocols for TRF assays have
been predicated on the maximization of the
signal-to-background ratio (S/B), or often
simply the minimization of background. 
While there are certainly some benefits to the
minimization of background in an assay, it is
the signal-to-noise ratio (S/N) of an assay,
rather than S/B, that must be maximized to 
optimize sensitivity.  This distinction is
discussed briefly below (and in detail in
TechNote TNPJ100.02 Precision of FRET
Assays:  S/N vs. S/B).  For the purposes of this
discussion, it is sufficient to understand that
S/B and S/N are NOT equivalent, and that
properly focusing on S/N rather than S/B
provides many opportunities for enhancing
the sensitivity of FRET assays.

REAGENTS

Selection of the Proximity Pair

(TechNote TNPJ100.10)

The donor molecule functions primarily as a
light antenna, collecting energy that can be
passed along to the acceptor.  A donor with
a large Stokes’ shift is desirable, permitting
excitation at a wavelength well below that of
acceptor excitation.  In addition, a molecule
with a high molar absorbance is desirable
due to its ability to collect light efficiently,
enhancing assay sensitivity.

An acceptor is selected on the basis of
overlap between its excitation spectrum and
the donor emission spectrum.  However due
to other factors, such as dipole alignment
and distance between molecules in the
experimental system, the suitability of a
particular proximity pair must be confirmed
empirically.

For TRF applications, the Eu-APC pair is
widely used, while for PB-FRET the
phycobiliproteins RPE and APC have been
found to be a suitable pair.  PB-FRET
provides significantly better S/N than TRF,
primarily due to the superiority of
phycobiliproteins as antenna molecules in
the role of FRET donor, and is probably the
method of choice where logistical barriers
due to instrument limitations are not
involved.

Conjugate Brightness

(TechNote TNPJ210 Conjugate Brightness;
TNPJ100.25 Suitability of Fluorescent
Molecules for FRET Assays; TNPJ200
PhycoLink Conjugate Evaluations; TNPJ300
Alternative Conjugation Protocols)

Donor and acceptor molecules are
individually conjugated to the assay reagents. 
The foremost concern here is conjugate
brightness, because high brightness not only
provides high sensitivity, it also contributes
to a robust assay, allowing greater latitude in
the manipulation of other assay parameters. 
Therefore, it is important to understand the
factors that make one conjugate brighter than
another.

Three characteristics of each fluorochrome-
ligand complex combine to determine
brightness:

• Molar absorptivity of the fluorochrome

• Quantum efficiency of the fluorochrome

• Fluorochrome density in the conjugate

Conjugation does not significantly alter the
values of the first two parameters if
performed properly, while fluorochrome
density (the number of fluorochromes
incorporated per ligand molecule) is variable
according to the conjugation process.  Any
incremental increase in conjugate brightness
translates directly into increased signal and
improved sensitivity.



Location of Donor and Acceptor Tags

(TechNote TNPJ100.14 Selection of Donor
and Acceptor Reagents in a TRF Assay)

For any binding reaction, it is necessary for
the donor (D) and the acceptor (A) to be
bound independently to one of two
participating molecules (abbreviated here as
R and S).  This allows the investigator a
choice between two possible pairings for
measuring R–S binding interactions (DR–SA
or DS–RA).  R and S can vary with respect to:

C avidity

C number of binding sites

C number of fluorescent molecules bound
per molecule

C steric hindrance

Often the placement of donor and acceptor
molecules on assay reactants is dictated by
such non-assay constraints as reagent cost or
commercial availability of an individual
component for a desired configuration, yet it
can have significant effects on both assay
sensitivity and total assay cost.

When none of these factors interferes,
however, and R and S bind to a common
analyte rather than each other (commonly
the case when secondary reagents such as
streptavidin or anti-GST are employed), the
donor is best positioned on the reagent with
the highest affinity for its analyte.  This
allows saturation of the analyte without
addition of a large excess of donor:  excess
donor unnecessarily increases noise and
decreases sensitivity.  The lower-affinity
reagent can then be used with the acceptor,
which can be added in excess without
degrading results, at least until self-
quenching becomes significant (see below).

In practice, the choice of donor and acceptor
location usually needs to be made on an
empirical basis, but placing the donor on the
higher-affinity reagent is always a good first
step.  Historically, many assays have been
hampered by the use of acceptor conjugated
to high-affinity secondary reagent complexes
such as APC-streptavidin.

Reagent and Analyte Concentrations

(TechNote TNPJ100.13 Optimizing Reagent
Concentrations in a PB-FRET Assay for Cost
and Performance)

For each assay, it will be necessary to
establish the range of analyte concentration
over which the assay will function.  The
negative and positive controls (see Data
Collection/Interpretation below) are then
established at the lower and upper ends of
this range, respectively.

Donor and acceptor reagent concentrations
can then be established at levels that come
close to saturating analyte binding sites;
these will depend on the analyte
concentration chosen and the reagents’
binding affinities.

Subsaturating reagent concentrations lead to
either non-linearity or suboptimal slope of
the analyte-fluorescence relationship.

Self-Quenching

(TechNote TNPJ100.20 Self-quenching in
FRET Assays)

Acceptors with small Stokes’ shifts, such as
APC, must be added to FRET assays in
moderation, due to the potential for
significant reabsorption of emitted photons
by other molecules of the fluorochrome in
solution.  If present in significant excess, the
detected FRET signal can be substantially
reduced.  At APC concentrations below
20 nM (2 :g/ml), this effect should be
negligible.  Normally, self-quenching will be
minimized during the process of optimizing
acceptor concentrations (see above).

EQUIPMENT

Illumination and Detection Windows

(TechNote TNPJ100.23 PB-FRET:  
Illumination and Detection Windows for
Filter-Based Instruments)

Illumination wavelengths for FRET assays
should be set based on the excitation
characteristics of both the donor and the



Figure 5 - Typical Cycle for a TRF Assay

Using Europium as the Donor

acceptor.  Often, installed filter sets do not
produce optimum conditions for specific
donor-acceptor pairs.  Calculation of the ratio
of donor excitation to acceptor excitation as
a function of wavelength can be informative
in this regard.   This analysis often suggests a
broader excitation window than traditionally
employed, presenting an opportunity for
increased signal in the assay.  In any case
where sensitivity is to be optimized, the
excitation window for the donor should be
widened to the point at which no further
increase in S/N can be achieved.

Detection wavelengths should take into
account the analogous ratios of donor and
acceptor emission spectra.  In TRF,
conventional detection windows are quite
narrow, nestled between two secondary
emission peaks of europium (Figure 2),
unnecessarily restricting the collection of
FRET photons.  This window can be
broadened significantly in an optimized
assay, dramatically improving signal with
only a moderate increase in background, and
a significant potential for improvement in
S/N.

The same holds true for PB-FRET detection
windows:  broadening the detection window
increased the sensitivity of a tyrosine kinase
assay by a factor of about 2.5 (TechNote
TNPJ100.15 Improving S/N Ratios in a PB-
FRET Assay).

NOTE:  broadening the detection window
past ~700 nm may have little effect in
many instruments, since conventional
photomultipliers have little sensitivity at
higher wavelengths.

Detection Timeframe

Additional sensitivity in FRET assays can be
achieved by increasing the time over which
fluorescence emission is detected.  In
PB-FRET, the only detection parameter that

can be adjusted is total counting time, since
fluorescence is collected on a continuous
basis.  This directly impacts the total
throughput rate but, nevertheless, increased
counting times can be considered when
needed to enhance sensitivity.

In TRF, two opportunities exist for increasing
signal by adjusting the detection timeframe. 
First, as with PB-FRET, the overall dwell time
on each well can be extended to increase (in
direct proportion) the total counts obtained. 
However, an additional opportunity exists in
the adjustment of the time window during
which photons are collected after each lamp
flash.  Figure 5 shows a typical collection
cycle for a TRF assay using the instrument’s
recommended settings.  The cessation of
counting after 100 :s is arbitrary and
unnecessary; extension of this time window
can significantly increase the signal obtained
without any increase in the overall
throughput rate.  Limitations on the ability to
successfully adjust this time window may be
imposed by the characteristics of specific
instruments.

Microplate Color

(TechNote TNPJ100.15 Improving S/N Ratios
in a PB-FRET Assay and TNPJ100.16
Microplate Color Comparison in a TRF Assay)



Figure 6 - Relative Standard Deviation vs.

Counting Level

Microplate color options include:

C Black, which creates a one-pass
illumination environment—the light
beam passes through the sample once
and is, for the most part, absorbed by the
wall of the well.  Only the portion of the
well directly illuminated by the beam
receives excitation light.

C White, which provides a diffuse
reflection of the incoming beam,
followed by a complex pattern of escape
through the surface, internal surface
reflection and additional reflection by the
wall.

C Clear, which exhibits an even more
complex pattern, with escape through
the walls, internal reflections, possible
reflection from external instrument
components, and cross-talk between
wells all coming into play.

The overall effect is for average well
illumination to be lowest in black,
intermediate in clear, and highest in white
plates.  The extent to which these differences
are expressed as detected fluorescence levels
is dependent on instrument characteristics,
such as the extent to which illumination and
detection fields are coincident.  White plates
also increase the probability that an emitted
photon will be detected, as singly- and
multiply-reflected pathways to the detector
supplement the direct path required in a
black plate.

These enhancements in illumination and
detection result in a dramatic increase in
detected FRET signal when white plates are
employed.  For a PB-FRET assay, the use of
white plates increased overall signal by
almost an order of magnitude.  Background
counts increased by a similar factor, but S/N
nevertheless nearly doubled.  Similar
increases in signal strength were seen in a
TRF assay:  for Net FRET signal increased by
a factor of 7 and S/N nearly doubled.

Photon Detection

The counts obtained in fluorometric
measurements (from photomultiplier tubes
[PMT] or charge-coupled device [CCD]
cameras) are subject to less overall variability
as measurement level increases.  Relative
standard deviations (RSD=standard
deviation/mean) decline steadily with
increasing counting levels:  Figure 6 provides
an example of RSD vs. counting level.  There
is a great deal of scatter in this relationship,
both inherent in the statistical variability of
the counts and also owing to other factors,
such as pipetting error, that can contribute to
variability, but it is nevertheless clear that the
overall trend is the expected reduction in
RSD as counts increase.  Thus, higher counts
are inherently less noisy, and any steps taken
to increase counts will, all other factors
remaining equal, lead to improvements in
S/N.

Instruments

(TechNote TNPJ100.18 Instrument
Considerations for Detecting FRET)

Numerous characteristics of instrument
models, and even of individual instruments,
can impact assay performance.  Often, the
instrument is determined in advance, but in
some cases it may be possible to select an



Figure 7 - Graphical Representations of Raw

Signal, Signal, Background and Noise

instrument with characteristics particularly
suitable to a specific assay.  Factors that vary
between instruments include:

C illumination intensity

C degree of confocality

C light collection for detection

C photomultiplier sensitivity and spectral
response

C temperature regulation 

These and other factors can differ between
instruments, and can also vary between
detection methods, such as prompt
fluorescence (continuous illumination) and
delayed fluorescence (flashlamp
illumination) in a single instrument.

DATA COLLECTION/INTERPRETATION

(TechNotes TNPJ100.02 Precision of FRET
Assays:  S/N vs. S/B; TNPJ100.02a Measuring
the Precision of FRET Assays:  S/N and Z’;
TNPJ100.03 Background Correction and
Spectral Overlap Compensation in FRET
Assays; TNPJ100.04 FRET Calculations;
TechNote TNPJ100.05 Dissecting FRET Data: 
Quench/FRET Analysis and TechNote
TNPJ100.19 Detecting Interference in
PB-FRET)

Assay Precision:  Signal, Background and
Noise

These terms have been used in a variety
of ways:  “Signal” to denote either total
instrument output in the presence of a
measurable response, or the portion of
instrument output due solely to the response
being measured; “Background” (reasonably
consistently) to denote the instrument output
in the absence of the response being
measured; and “Noise” has been used to
mean (a) the same thing as “background”,
(b) statistical variability in any given
measurement, or (c) statistical variability in
the final calculated FRET value.

Since there seems to be no universally
accepted set of definitions for these terms,
definitions have been chosen that are the
most relevant for FRET (see Figure 7):

C "Signal" - fluorescence that is directly due
to resonance energy transfer (i.e. what
we are trying to measure), as
distinguished from background.

C "Background" - fluorescence from all
other sources

C "Noise" - statistical variability in the
measurement of signal

Considerable confusion has been generated
in the discussion of these three factors,
particularly when signal-to-background ratio
(S/B) and signal-to-noise ratio (S/N) have
been used interchangeably with the
accompanying assumption that increases in
S/B alone imply a less “noisy” assay.  In fact,
the data presented in the references cited for
this section show clearly that S/B and S/N,
when explicitly defined as above, are not
reliably correlated; it is erroneous to assume
that an assay that exhibits a higher S/B will
provide results with higher precision than
one with lower S/B.



Assay Controls

Each time an assay is run, whether during
assay development or screening trials, it is
necessary to include control wells that assess
or verify the reactivity of binding reagents,
the fluorescence of fluorophores, the
presence or absence of background
fluorescence in plates and reagents,
non-specific binding and energy transfer
between reagents, and proper functioning of
the detection instrument.  Controls should be
repeated at intervals throughout the screen to
monitor the degree of assay drift across
multiple microplates.  Controls should also
be repeated for any changes in the master
batch of detection reagents.

Ratiometric (A/B) Analysis

In commercially available TRF instruments,
donor and acceptor fluorescence are
measured in two separate detection
windows, frequently referred to as Channel B
and Channel A, respectively.  Results are
typically reported as a ratio of Channel A to
Channel B, which amplifies the apparent
response signal, since FRET will normally
result in both an increase in Channel A and a
decrease in Channel B as donor fluorescence
is traded off for acceptor fluorescence.

Significant information can be lost by
examining only the A/B ratio, and changes in
both values should be viewed in concert. 
Appropriate examination of both the A and B
signals can in many cases discriminate
between artifacts and actual FRET.

Quench-FRET Analysis

Since Donor Quench and Net FRET are both
direct expressions of the energy transfer
process, they occur in fixed proportion to
one another.  Thus, results from test wells
where Net FRET, Quench or their ratio (F/Q)
are different from the expected assay range,
can be identified as experiencing
interference; all three criteria must be met to
consider a result valid.

Assay-independent Effects on Signal

Several processes that take place in assay
mixtures result in signal changes that may be
misinterpreted as assay activity or may mask
assay activity:

C Candidate absorbance can compete with
the donor molecule for excitation energy,
reducing fluorescence in both Channels
A and B.

C Candidate fluorescence can add to the
signal in either channel or both.

C Absorption of emitted photons by a
candidate can reduce detected
fluorescence in either channel, or both.

It is necessary to identify results that are
compromised by interference, and flag them
as potentially unreliable.  Results that may be
compromised due to candidate absorbance
or fluorescence are readily identified by
Quench-FRET analysis.  The cost of the
required controls is minimal compared to the
improved discrimination capability.

CONCLUSIONS

STEPS TO INCREASED SENSITIVITY

The topics discussed above provide an
overview of the factors that are involved in
determining FRET assay sensitivity.  Not
surprisingly, in each case, improved
sensitivity involves obtaining higher counts,
i.e. a stronger signal.  Often, background
counts will be increased along with signal
counts; it is important to remember that this
is not necessarily a problem, as long as
whatever adjustment is made results in an
improvement in S/N.  (Properly calculated
FRET data is accurately adjusted for
background.)

Here is a list of steps that can be taken to
improve the sensitivity of a FRET assay.  In
our discussions with customers, the level of
awareness of these opportunities varies from
laboratory to laboratory; some of these
changes from “traditional” TRF methods have
been implemented by specific investigators:
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C Use white plates.

Signal and background should both
increase in about the same proportion,
leaving S/B unchanged while increasing
S/N due to reduced relative standard
deviations of higher counts.

C For TRF, increase the counting time
window.

The counting time should be increased to
include as much of the period of time
between flashes as possible.  As with
white plates, signal and background
should increase by similar factors.

C Conjugate the donor to the higher-affinity
reagent.

This can lead to both increased signal
and reduced background when done in
conjunction with the optimization of
reagent concentrations.

C Increase the overall counting time.

Again, signal and background increase in
the same proportion.  The cost here
comes in a reduced throughput rate for
the assay; a point of diminishing return
may be reached before S/N is
significantly improved, but this option
should be considered when sensitivity is
at a premium.

C Expand excitation and detection
windows.

Maximize your use of donor excitation,
and don’t overreact to donor background
in selecting your emission window.  Even
if donor background increases more
rapidly than the FRET signal, you can still
benefit in S/N.

C Consider prompt FRET.

Prompt FRET offers significantly higher
sensitivity than TRF, since the low
absorptivity and slow fluorescence
release of lanthanide derivatives renders
them significantly less fluorescent than
most prompt fluorescent molecules. 
Phycobiliproteins, recognized as among
the brightest of fluorescent molecules for
flow cytometry, are particularly attractive. 
Increases in signal that cover several
orders of magnitude more than
compensate for higher background,
leading to better overall S/N.

C Make the best use of your data.

Don’t be satisfied with just A/B ratios. 
Calculate values for Net FRET and
Quench, and perform Quench-FRET
analysis.  Contact ProZyme to discuss
additional techniques for data analysis
that are concentration-independent. 
Remember that data is expensive, but
calculations are cheap.

TECHNICAL SERVICE

This and other TechNotes are available
on ProZyme’s webpage located at:

<http://www.prozyme.com
/technical/index.html#technotes>

ProZyme customers are an important source
of information regarding advanced or
specialized uses of our products.  We
encourage you to contact us if you have any
suggestions about product performance or
new applications and techniques.

HTRF® is a registered trademark of Cis bio International
LANCE™  is a trademark of PerkinElmer, Inc
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