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Introduction

Numerous live-cell fluorescence resonance energy transfer 
(FRET) biosensors based on genetically encoded fluorescent 
fusion proteins have been developed, but their application in 
high-throughput screening (HTS) assays is uncommon. An 
intramolecular FRET sensor for sarco/endoplasmic reticulum 
calcium ATPase (SERCA)1–3 is a rare exception.3 This two-
color SERCA (2CS) biosensor, expressed in HEK293 cells, 
employs eGFP and tagRFP (further referred to as green fluo-
rescent protein [GFP] and red fluorescent protein [RFP]).4 
Fluorescent proteins were engineered at carefully selected 
locations on SERCA’s cytoplasmic headpiece domains. The 
headpiece domains are known to undergo large-scale structural 
changes as adenosine triphosphate (ATP) hydrolysis fuels the 
active pumping of calcium from the cytosol into the endoplas-
mic reticulum. The interactions of small molecules with 
SERCA produce measurable changes in intramolecular FRET 
that correlate with function, making this structure-based bio-
sensor a powerful tool for the discovery of novel drugs related 
to calcium homeostasis.

The previous development of a novel fluorescence life-
time readout in the nanosecond time domain was shown to 

enable rapid and reliable identification of small molecules 
that affected FRET in the two-color SERCA (2CS) biosen-
sor.3,5–7 Conventional microplate readers, which measure 
fluorescence intensity, lack the precision required for reli-
able observation of the typically small FRET changes asso-
ciated with allosteric effectors in live-cell assays. Similarly, 
the throughput of related fluorescence technologies such as 
microscopy is too low, and the precision of flow cytometry 
is currently too low for large-scale library screening.8,9 The 
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Abstract
We have developed a microplate reader that records a complete high-quality fluorescence emission spectrum on a well-
by-well basis under true high-throughput screening (HTS) conditions. The read time for an entire 384-well plate is less 
than 3 min. This instrument is particularly well suited for assays based on fluorescence resonance energy transfer (FRET). 
Intramolecular protein biosensors with genetically encoded green fluorescent protein (GFP) donor and red fluorescent 
protein (RFP) acceptor tags at positions sensitive to structural changes were stably expressed and studied in living HEK 
cells. Accurate quantitation of FRET was achieved by decomposing each observed spectrum into a linear combination of 
four component (basis) spectra (GFP emission, RFP emission, water Raman, and cell autofluorescence). Excitation and 
detection are both conducted from the top, allowing for thermoelectric control of the sample temperature from below. 
This spectral unmixing plate reader (SUPR) delivers an unprecedented combination of speed, precision, and accuracy for 
studying ensemble-averaged FRET in living cells. It complements our previously reported fluorescence lifetime plate reader, 
which offers the feature of resolving multiple FRET populations within the ensemble. The combination of these two direct 
waveform-recording technologies greatly enhances the precision and information content for HTS in drug discovery.
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technological advances of direct waveform recording 
(DWR) led to the development of a novel fluorescence life-
time plate reader in the time domain5 and now have been 
applied to the wavelength domain. This new spectral unmix-
ing microplate reader rapidly and accurately records the 
entire fluorescence emission spectrum.

The quality of the acquired spectral data enables a sim-
ple and direct decomposition of the observed spectra into 
linear combinations of component spectra (spectral unmix-
ing), yielding accurate and precise FRET efficiency values. 
The benefits are critically evaluated by coupling fluores-
cence lifetime detection with the complementary spectral 
recording to further optimize the precision of FRET mea-
surements for HTS. The combination of the spectral and 
fluorescence lifetime readouts represents a promising 
screening platform for detecting small changes in FRET.

This study emphasizes live-cell biosensors, but the same 
approach is equally applicable to purified proteins labeled 
with dyes.10 In addition to drug discovery activities, the 
spectral recording technology has high potential for a wide 
range of biological applications, such as binding studies, 
analytical biochemistry, and molecular diagnostics.

Materials and Methods

Cell Culture

HEK293 cells were maintained in phenol-red-free Dulbecco’s 
modified Eagle’s medium (DMEM) from Gibco (Waltham, 
MA) supplemented with 2 mM GlutaMAX (Gibco), 10% 
fetal bovine serum (FBS) from Atlanta Biologicals 
(Lawrenceville, GA), and 1 IU/mL penicillin/streptomycin 
(Gibco) and grown at 37 °C with 5% CO2. Stable clones 
expressing the FRET biosensors and corresponding donor- 
and acceptor-labeled control cell lines were established as 
described previously.3 Briefly, cells were transfected with the 
recombinant DNA following established protocols for 
Lipofectamine 3000 from Invitrogen (Carlsbad, CA). Forty-
eight hours after transfection, the cells were placed under 
G418 (500 µg/mL) from Sigma (St. Louis, MO), for antibi-
otic selection.  The cells were diluted and plated in 10 cm^2 
dishes. Single colonies (clones) were isolated 2 to 3 weeks 
after transfection and antibiotic selection. Clones were iso-
lated 2 to 3 weeks after transfection and antibiotic selection. 
The stability of each clone was assessed by flow cytometry 
and confocal microscopy (data not shown). The cell lines 
were expanded in T225 flasks from Corning (Corning, NY), 
harvested by treatment with Tryple (Invitrogen), washed 
three times in phosphate buffer solution (PBS) with no mag-
nesium or calcium Thermo Fisher (Waltham, MA) and cen-
trifuged at 300 × g, filtered using 70-µm cell strainers 
(Corning), and diluted to 106 cells/mL using an automated 
countess cell counter from Invitrogen. In studies with cyan 
and yellow fluorescent protein biosensors, transient 

transfections were performed. In these studies, cells were 
harvested and prepared as described above, 48 h after trans-
fection. Cell viability was assessed using trypan blue.

Cell and Drug Liquid Dispensing

Cells were dispensed using a Multidrop Combi liquid  
dispenser from Thermo Fisher (Pittsburg, PA) at a density of 
106/mL. Compounds were diluted in DMSO and dispensed 
using a Mosquito liquid handler from TTP Labtech (Melbourn, 
UK) or a Mantis liquid dispenser from Formulatrix (Bedford, 
MA). The known SERCA inhibitors thapsigargin (TG, Sigma), 
1,4-dihydroxy-2,5-di-tert-butylbenzene (BHQ) from Tocris 
(Minneapolis, MN), and cyclopiazonic acid (CPA; Tocris) 
were diluted at 50× concentrations and subsequently seri-
ally diluted in 96-well mother plates prior to liquid dispens-
ing. Cells and drug mixtures were dispensed into 384-well 
flat, black-bottom polypropylene plates from Greiner 
(Kremsmünste, Austria) and incubated for 20 min at room 
temperature (20–23 °C), unless otherwise noted.

Instrumentation Overview

Figure 1A is a schematic drawing depicting key features of 
the fluorescence plate reader platform. The lifetime and 
spectral readout experiments presented here were con-
ducted with separate instruments at 20 °C, but both modes 
can be incorporated into a single instrument, and work 
along these lines is in progress. Simultaneous acquisition of 
the lifetime and spectral data is also feasible. The photomul-
tiplier tube (PMT) and digitizer are as described previ-
ously,5 but this new instrument employs epi-illumination 
excitation and detection from above, which facilitates 
implementation of temperature control.

In its spectral unmixing plate reader (SUPR) mode, the 
instrument provides direct high-throughput detection of the 
complete fluorescence emission spectrum (emission vs. 
wavelength), with excitation provided by a 473-nm contin-
uous wave laser. Spectra are recorded using a grating-based 
fiber-optic input spectrograph equipped with linear-array 
CCD detector (Sony ILX511B; Sony, Tokyo, Japan). The 
recorded wavelength range in these experiments spanned 
the entire visible spectrum, but only the 500- to 700-nm 
range was used in the data analysis. In lifetime mode, the 
full nanosecond-resolved fluorescence emission waveform 
is acquired following excitation with a 473-nm pulsed 
microchip laser. The acquisition time per well is typically 
200 ms in either spectral or lifetime mode (Fig. 1A).

Time-Resolved FRET Acquisition and Analysis

Fluorescence decay waveforms for lifetime determination 
were detected directly as previously described.3,5 The 473-nm 
passively Q-switched microchip laser (Concepts Research 
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Corporation, Belgium, WI) delivers highly reproducible and 
high-energy pulses (~1 µJ) at a 5-kHz repetition rate. A full 
fluorescence decay waveform was detected in response to each 
laser pulse over a 128-ns time window, using a photomultiplier 
module from Hamamatsu (Bridgewater, NJ; cat. H10720-210) 
and a proprietary transient digitizer from Fluorescence 
Innovations (Minneapolis, MN). A 488-nm long-pass filter 
from Semrock (Rochester, NY) and 517/20 bandpass emis-
sion filter (lifetime mode) were used, ensuring that only 
emission from the GFP donor was detected. A 488-nm 
dichroic mirror directed fluorescence signal toward the PMT 
(lifetime mode) or spectrograph (spectral mode) using a 
fiber-optic cable (Fig. 1A).

The observed donor fluorescence waveform FD(t) was 
analyzed using least squares minimization global analysis 
software5 and fitted (equation (1)) by a simulation SD(t), 
consisting of a n-exponential decay model MD(t) (character-
ized by preexponential factors Ai and lifetimes τDi), 

convolved with the instrument response function IRF(t), 
acquired by recording scatter from 0.31-µm latex micro-
sphere suspensions (Thermo Fisher).
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For initial analysis, a single-exponential model (n = 1) 
was assumed, and FRET (efficiency) was calculated from

	 FRET = 1 /− ( )τ τDA D , 	 (2)

where τDA is the lifetime of the intramolecular FRET biosen-
sor and τD is the lifetime of the corresponding donor-only  
cell line. The fluorescence lifetime of eGFP from a single-
exponential fit of the donor-only control was 2.58 ± 0.02 ns 
(Suppl. Fig. S6), in agreement with reported values.11

Figure 1.  (A) Diagram of the instrument, which provides high-throughput detection of the emission spectrum or lifetime (time-
dependent decay). A 473-nm laser (continuous wavelength for spectrum, microchip pulsed for lifetime) excites the sample, and the 
spectral (fluorescence vs. wavelength) or lifetime (fluorescence vs. time) waveform is recorded directly using a photomultiplier tube 
(PMT) coupled to a proprietary digitizer or spectrograph, respectively. (B) The two-color sarco/endoplasmic reticulum calcium 
ATPase (SERCA) (2CS) fluorescence resonance energy transfer (FRET) biosensor, expressed in HEK293 cells, enables measurement 
of FRET between green fluorescent protein (GFP) and red fluorescent protein (RFP), positioned at optimized locations on SERCA.1–3 
As depicted, FRET efficiency depends on the structural status of SERCA’s domains. (C) Reference fluorescence emission (basis) 
spectra corresponding to one-color SERCA (GFP or RFP), cellular autofluorescence, and water Raman (inelastic light scattering), 
normalized to GFP. These basis spectra were used to analyze the spectra of cells expressing 2CS (D), to decompose the observed 
spectrum of 2CS (orange) into a linear combination of component spectra (best fit shown in dashed black, components shown with 
same color scheme as in C), thus permitting accurate quantitation of the GFP (donor) and RFP (acceptor) fluorescence needed to 
calculate FRET (13.7% for data shown in D, with SD = 0.11%), using equation (4). Complete emission spectra from 500 to 700 nm 
were acquired in less than 3 min for a full 384-well plate.
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Spectral FRET Acquisition and Analysis

The fluorescence spectra were recorded with a fiber-optic 
spectrometer. The uncooled linear array detector offers higher 
data density (pitch) compared to the multimode PMTs that 
have more commonly been used for spectral unmixing in fluo-
rescence microscopy.12 The linear array detector is also sub-
stantially smaller and less costly compared to a TE-cooled 2D 
scientific grade CCD camera.

The observed fluorescence emission spectrum F(λ) was 
fitted by least squares minimization to a linear combination 
of component spectra:

	 F aF bF cF dFFit D A C Wλ λ λ λ λ( ) ( ) ( ) ( ) ( )= + + + 	 (3)

where D is donor, A is acceptor, C is cell autofluorescence, 
and W is water Raman, and a, b, c, d are the weighting (sca-
lar) coefficients determined from the fit. The fitted spec-
trum for each well was determined using least squares 
minimization with MATLAB (MathWorks, Natick, MA) to 
solve for the scalar coefficients (equation (3)).

For an intramolecular FRET sensor with a 1:1 ratio of 
donor D and acceptor A molecules, FRET efficiency 
(FRET) was determined from

	 FRET
FR QR AR

FR QR
=

×
+ ×

−
1

, 	 (4)

where QR is the ratio of quantum yields (QD/QA) in the 
absence of FRET, and AR is the ratio of molar absorptivity 
(εA/εD), both obtained from reported values.13 QR was cor-
rected for spectrometer sensitivity at the appropriate wave-
lengths (Suppl. Fig. S5). The only experimentally observed 
variable in equation (4) becomes the fluorescence ratio 
(FR).

	 FR =
Acceptor fluorescence

Donor fluroescence
=
bF

aF
RFP

GFP

. 	 (5)

A full derivation of equation (4) is in the Supplementary 
Materials.

Results

Two one-color stable cell lines expressing GFP-SERCA or 
RFP-SERCA were developed as controls for analysis of 
two-color spectra. Reference (basis) spectra from these cell 
lines, untransfected cells (water Raman plus cell autofluo-
rescence), and buffer solution (water Raman) were acquired 
using a detector integration time of 100 ms for each well of 
a 384-well plate. The GFP-only reference spectrum was 
corrected for autofluorescence and water Raman contribu-
tions (Suppl. Figs. S1, S2). The RFP-only spectrum was 
acquired by excitation at 532 nm (Suppl. Fig. S3), under 
which conditions the Raman and autofluorescence signals 

were negligible. Each of the four reference spectra was 
quite reproducible, so a single set of reference spectra, 
acquired only one time, was used to decompose or unmix 
the component spectra from the observed fluorescence 
emission spectrum in 2CS samples for over 6 months. 
Reference spectra are superimposed in Figure 1C, normal-
ized to the peak intensity of the GFP sample. The RFP spec-
trum shown corresponds to the intensity observed with 
excitation at 473 nm. Spectral unmixing (equation (3)) 
resolved the distinct components of GFP and RFP for quan-
titative determination of the apparent FRET (equations (4) 
and (5)). Figure 1D illustrates the analysis of a sample of 
cells expressing the 2CS biosensor, showing the observed 
spectrum (orange) and the best fit (dashed black) to the four 
components, yielding a FRET value of 13.7% (SD = 0.11%).

Spectral Unmixing of GFP and RFP Live-Cell 
Mixtures

Accuracy and precision of the spectral unmixing method 
was verified by analyzing known mixtures of GFP- and 
RFP-expressing HEK293 cell lines, dispensed at 106 cells/
mL into a 384-well plate. The GFP-only control cell line 
was mixed with cells expressing the RFP-only control con-
struct to produce wells with the percentage of GFP increas-
ing in 10% increments. The total volume per well was 50 
µL. The expression of the RFP-only cell line was five times 
that of the GFP-only cell line, as determined by quantitative 
Western blotting. The observed spectra (raw data) show a 
uniform decrease in the GFP contribution (500- to 550-nm 
region) (Fig. 2A).

The individual scalar coefficients from the fluorescence 
emission spectrum of each mixture were assessed as described 
in equation (3). The scalar coefficients of GFP (D) and RFP 
(A) were converted to fluorescence signal by multiplying by 
the total emission from the corresponding reference specta 
(FRFP and FGFP) using equations (4) and (5). The contributions 
of GFP (D) and RFP (A) increased inversely and linearly as 
expected. The contribution from cellular autofluorescence and 
water Raman remained constant across the GFP/RFP live-cell 
gradient (Fig. 2B) and was subtracted from the spectrum of 
each mixture (Fig. 2C). An isoemissive point at 567 nm clearly 
distinguishes the change in GFP and RFP emission across the 
gradient of cellular mixtures. The residuals obtained using the 
four-component model (equation (3)) are plotted for each 
%GFP mixture in Figure 2D. The residuals remain flat, dem-
onstrating excellent agreement between the fit and observed 
spectrum (equation (3)).

The scalar coefficients were used to determine the con-
tribution of each component to the total fluorescence signal. 
At the lowest mixture of cells expressing GFP (10% GFP), 
there are approximately 5000 GFP-expressing cells and 
45,000 RFP-expressing cells per well (50 µL total volume 
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per well). Based on the diameter of the laser beam (500 
microns), well dimensions, and diameter of one cell, we 
estimate that approximately 500 cells expressing GFP con-
tribute to the observed spectrum. As such, we have per-
formed preliminary studies with low-volume 1536-well 
PCR plates, which indicate that decreasing the total volume 
and number of cells by a factor of 10 does not significantly 
degrade the data quality (results not shown).

Concentration-Response Curve Comparison of 
2CS FRET Change with Known SERCA Inhibitors

The spectral unmixing method’s capability to resolve 2CS 
FRET changes via controlled addition of the known SERCA 
inhibitor thapsigargin, which binds to SERCA2a with subnan-
molar affinity (Ki = 2 nM), was evaluated and compared to 
lifetime mode.14 Ten different concentrations of thapsigargin 
were dispensed across a 384-well plate (0.8, 1, 2, 3, 4, 5, 6, 8, 
10, and 50 nM thapsigargin concentrations, n = 32 wells for 
each concentration). Matching DMSO controls (0.5 µL 
DMSO/50 µL total well volume) were located in the outer col-
umns (1, 2, 23, and 24) of the 384-well plate. The spectra were 
decomposed using a four-component model (equation (3)). 
The 2CS FRET change, acquired in spectral mode, is reflected 

by a decrease in the RFP region (550–650 nm) of the fitted 
spectrum (Fig. 3A). For direct comparison with spectral 
recording, nanosecond time-resolved fluorescence decay 
waveforms were acquired on the same samples (Fig. 3B). The 
fluorescence lifetime for each well was determined as described 
above (equation (1)). A saturating concentration of thapsigar-
gin (Tg) (50 nM) induced a 200-ps increase in the GFP life-
time, corresponding to a 6% decrease in FRET efficiency, as 
determined from the lifetime change compared to the donor-
only control (equation (2)), as shown in Figure 3B. Heatmaps 
of FRET efficiency demonstrate excellent uniformity at each 
concentration across the plate (Fig. 3C,D), with greater preci-
sion evident for the spectral data.

The sensitivity of FRET detection for both lifetime and 
spectral modes was further investigated by generating 
14-point concentration-response curves for addition of 
thapsigargin and two other well-established SERCA inhibi-
tors, 1,4-dihydroxy-2,5-di-tert-butylbenzene (BHQ) and 
CPA. Reported Kis fell in the range of 2 to 7 µM for BHQ 
and 90 to 2500 nM for CPA. The concentration-dependent 
FRET change,14,15 in response to the three known SERCA 
effectors, again exhibited excellent agreement between the 
FRET efficiency acquired from both spectral and lifetime 
modes (Fig. 4C,D).

Figure 2.  Analysis of mixtures of green fluorescent protein (GFP)– and red fluorescent protein (RFP)–expressing stable cell lines.  
(A) Cells expressing a GFP-only control construct were mixed with cells expressing a RFP-only control construct in a 384-well 
plate. The percentage of GFP cells was varied as indicated, but the total volume and number of cells remained constant. The 
observed spectrum of each GFP mixture is shown (average from 32 wells). Each observed spectrum was fit using linear least 
squares minimization to determine the four scalar coefficients (equation (3)), and the results are plotted in (B), showing that the 
fluorescence contributions of GFP and RFP to the emission spectrum vary inversely and linearly. (C) The results of A after subtracting 
contributions from autofluorescence and Raman. (D) The residuals from fits in B, offset vertically for clarity.
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The experimentally determined apparent FRET equilib-
rium constants of thapsigargin and CPA agree with the pre-
viously reported Ki values (Fig. 4A,B). Note that error bars 
(n = 8 wells) represent one standard deviation, not standard 
error of the mean. A 10-fold difference from the FRET EC50 
and reported Ki from functional activity assays was found 
for BHQ. This finding could reflect a difference between 
live-cell assays and biochemical functional assays per-
formed on purified proteins. However, we have found the 
Ki of BHQ to be 400 nM, as assessed by measuring the rate 
of ATP hydrolysis (data not shown).

The precision of the spectral unmixing and lifetime 
methods was further assessed by evaluating the FRET effi-
ciency determined from 384 wells of 2CS cells, without the 
addition of drug. Histograms for all 384 wells of the 2CS 
cells-only control plate are shown in Figure 4C,D. The 
average FRET efficiency was 13.7% (spectral mode) and 
13.6% (lifetime mode) with standard deviations of 0.11% 
(spectral mode) and 0.36% (lifetime mode).

Spectral Fitting Results in High Assay Precision, 
Even if Cellular Autofluorescence Is High

Live-cell fluorescence assays are prone to artifacts from cellu-
lar autofluorescence, dispensing error, and other variability in 

sample preparation.16 Spectral unmixing is a very effective 
way to resolve the cellular autofluorescence component, 
maintaining high precision and accuracy of FRET determi-
nation. To simulate increasing autofluorescence (e.g., due to 
low biosensor expression or transient transfection), cells 
expressing the 2CS FRET biosensor were mixed with 
known amounts of untransfected cells and dispensed across 
a column-wise gradient of one 384-well plate (Fig. 5A). 
The well volume (50 µL) and number of cells per well 
(50,000) were held constant. Spectra were analyzed as in 
Figure 1D, as illustrated in Figure 5B for 80% untrans-
fected cells, resulting in much greater autofluorescence than 
that in Figure 1D. The autofluorescence signal from each 
mixture was assessed by determining c (equation (3)), and 
the expected linear increase was observed (Fig. 5C). To 
assess the effect of autofluorescence on the quality of the 
HTS assay, a 384-well plate was prepared with half the 
wells containing 100 nM thapsigargin and half being DMSO 
control wells (%v/v). These positive and negative controls 
were used to define the signal window for determination of 
assay quality factor Z′,10,17 yielding values of 0.90 (spectral 
mode) and 0.77 (lifetime mode), indicating that both modes 
provide an excellent assay for HTS (Z′ > 0.5), until the sam-
ple is diluted by 80% (lifetime) or 90% (spectral) with 
untransfected cells (Fig. 5D).

Figure 3.  Spectral and lifetime mode comparison of 2CS concentration-dependent fluorescence resonance energy transfer (FRET) 
change in response to the known sarco/endoplasmic reticulum calcium ATPase (SERCA) inhibitor thapsigargin. (A) Fluorescence 
emission spectra (average of 32 wells) normalized to green fluorescent protein (GFP) intensity, showing 8% reduction in FRET 
(decreased RFP emission) in response to 50 nM thapsigargin. (B) Nanosecond time-resolved fluorescence decay waveforms (average 
of 32 wells) normalized to GFP only, showing a 6% reduction in FRET (longer GFP lifetime) in response to 50 nm thapsigargin (red 
decay). (C) Heatmap of FRET efficiency calculated from spectral mode. Ten different concentrations of thapsigargin (0.8, 1, 2, 3, 4, 5, 
6, 8, 10, and 50 nM, increasing left to right) were dispensed across a 384-well plate, with DMSO controls at columns 1, 2, 23, and 24. 
(D) Heatmap of FRET efficiency calculated from lifetime mode from the same plate.
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Accurate FRET Efficiency Determination from 
Cyan and Yellow Fluorescent Proteins

Although GFP and RFP (and other red-shifted FRET pairs) 
are less susceptible to compound fluorescence artifacts,18 
the most genetically encoded FRET-based biosensors estab-
lished and studied to date involve cyan fluorescent protein 
(CFP) and yellow fluorescent protein (YFP).19 Accordingly, 
we present an illustration of the spectral plate reader’s per-
formance using this FRET pair.

Reference standards consisting of mCerulean (CFP) and 
mVenus (YFP) tethered by flexible linkers of increasing 
lengths of 5, 17, and 32 amino acids (designated C5V, C17V, 
and C32V, respectively) have been widely used in FRET cali-
brations.20 Various means to record the FRET signal, includ-
ing subsequent lifetime and spectral analysis, have been 
previously applied. These controls can be used to calibrate 
and validate new FRET detection technology. The consensus 
FRET efficiencies for these constructs are 43% ± 2% (C5V), 
38% ± 3% (C17V), and 31% ± 2% (C32V). Transient trans-
fections of HEK293 cells with these FRET reference stan-
dards and the appropriate donor CFP (mCerulean) and 
acceptor YFP (mVenus) labeled constructs were performed. 
The cells were harvested and assessed on the plate reader 
with excitation at 434/17 nm from a laser-driven light source 

(Energetiq, Woburn, MA). FRET efficiency was evaluated. 
Optimized transfection protocols for large-scale transient 
transfections were found to obtain sufficiently high expres-
sion of the FRET standard constructs so that contributions 
from autofluorescence and water Raman were negligible. 
Subsequently, only a two-component fit was required, as 
shown by the fitted and observed data with component spec-
tra (Fig. 6A). The CFP/YFP ratio (FR in equations (4) and 
(5)) was converted to FRET efficiency as described in the 
Supplemental Material (Derivation), using reported values of 
extinction coefficients and quantum yields.21 The acceptor/
donor fluorescence ratio (FR in equation (5)) was then cali-
brated to the previously reported FRET efficiency of C5V.20

FRET efficiencies determined from spectral mode were 
in excellent agreement with the reported results of 42.3% ± 
0.7% (C5V), 38.3% ± 0.7% (C17V), and 29.0% ± 0.6% 
(C32V), as shown in Figure 6B. The precision was high; 
each bar represents the data from a single well. These results 
validate the capability of accurate FRET efficiency determi-
nation from CFP and YFP FRET pairs using the spectral 
unmixing method.

Investigation of a CFP and YFP FRET pair was evalu-
ated with the well-known cameleon calcium sensor, in 
which the calmodulin-binding (M13) domain of myosin 
light chain kinase (MLCK) and calcium-binding domain of 

Figure 4.  (A, B) Concentration-dependent 2CS fluorescence resonance energy transfer (FRET) response of three well-established 
sarco/endoplasmic reticulum calcium ATPase (SERCA) inhibitors, thapsigargin (Tg), 4-dihydroxy-2, 5-di-tert-butylbenzene (BHQ), and 
cyclopiazonic acid (CPA), in a 384-well plate (n = 8 wells for each concentration). Fits to the Hill equation (curves) give EC50 values in 
close agreement for the two modes and in good agreement with published data on SERCA inhibition. Histograms (C) (spectral mode) 
and (D) (lifetime mode) illustrate the precision of FRET determination from 384 wells of 2CS cells without the addition of drug. Mean 
and standard deviation values for FRET, determined from the Gaussian fits shown in red, were 13.7% ± 0.11% for spectral and 13.6% 
± 0.36% for lifetime.
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calmodulin are fused together and located between two 
fluorescence proteins (eCFP/mCitrine). These calcium sen-
sors have allowed cellular [Ca2+] to be monitored more 
directly and reliably than using calcium-sensitive dyes.22 
The endoplasmic reticulum (ER)–targeted cameleon sensor 
(D1ER) was selected because it is known to be sensitive to 
the SERCA inhibitors thapsigargin, CPA, and BHQ. Instead 
of detecting direct ligand binding, as in the 2CS studies 
reported above, the D1ER sensor can be used to monitor 
changes in ER calcium levels.23 Upon SERCA inhibition, 
calcium is no longer pumped into the ER, leading to cal-
cium depletion through various mechanisms, including IP3-
gated receptors and ryanodine receptors. D1ER senses these 
changes as calcium binding leads to a conformational rear-
rangement of the biosensors, increasing FRET between 
CFP and YFP. Therefore, calcium depletion due to SERCA 
inhibition is detected as a decrease in FRET.

A HEK293 stable clone with constitutive expression of the 
D1ER cameleon calcium sensor was generated using G418 
antibiotic selection. The localization of D1ER to the ER lumen 
was verified by microscopy, and expression remained constant 
over months in culture. Cells were harvested and dispensed 
into 384-well plates containing the same concentrations of 
thapsigargin, CPA, and BHQ, as previously evaluated with 
2CS (Fig. 4). D1ER FRET was monitored only in spectral 
mode, because the CFP donor cannot be excited effectively by 
the 473-nm laser used in lifetime mode. ER calcium was moni-
tored by repeatedly scanning the 384-well plate at 3-min inter-
vals over a 120-min period. The expected concentration and 
time-dependent decreases in FRET were observed. The high-
affinity and selective SERCA inhibitor thapsigargin produced 
a sigmoidal FRET response with an equilibrium constant of 
1.97 nM (ER calcium depletion shown at a 120-min time 
point) (Fig. 6C).

The submicromolar SERCA inhibitors BHQ and CPA 
also produced a concentration-dependent effect. FRET 
EC50 values were evaluated for each concentration curve 
and agree with the expected values based on their affinity 
for SERCA. The time-dependent effect of SERCA inhibi-
tors on ER calcium concentration can be determined by 
evaluating the rate of calcium depletion (FRET decrease) in 
response to titration with the inhibitors. Thapsigargin irre-
versibly binds SERCA with high affinity and depletes cal-
cium at a faster rate than BHQ and CPA, which have 
micromolar binding affinities (Fig. 6D). The time depen-
dence of calcium depletion was evaluated by fitting each 
curve to the Hill equation to determine the rate of calcium 
depletion T50. The T50 of thapsigargin, BHQ, and CPA was 
9.5, 17.4, and 11.7 min, respectively.

Discussion

Accurately recording a fluorescence signal is an essential ele-
ment of fluorescence spectrometers, microplate readers, 

fluorescence microscopes, flow cytometers, quantitative PCR 
machines, chromatography, capillary array electrophoresis 
detectors, gel scanners, and sequencers. However, scanning a 
wavelength-selective filter (monochromator) through a range 
of emission wavelengths is usually employed only for research-
grade fluorescence spectrometers, where data quality is more 
important than measurement speed. Microplate readers 
equipped with monochromators, now commonly available, 
could serve as alternatives to research-grade spectrometers. 
The primary difference between the two classes of instruments 
lies in the sample holder format and optical geometry (i.e., 
cuvettes and right angle for spectrometers, plastic plates and 
epi-illumination for plate readers). It is plausible to assume that 
a research-grade, cuvette-based fluorescence spectrometer will 
always provide much higher data quality than could ever be 
possible in a microplate reader, because the right-angle geom-
etry, large sample volumes, and high-quality optics of the sam-
ple container minimize artifacts from light scattering and other 
sources of interfering background.24 However, until now, a 
comprehensive study that directly compares the data quality 
obtained with a fluorescence microplate reader to that pro-
duced by a fluorescence spectrometer did not exist (Suppl. 
Fig. S1). The de facto standard approach to performance char-
acterization of fluorescence spectrometers is the water Raman 
test.25 The corresponding de facto standard approach to perfor-
mance characterization of microplate readers is a fluorescence 
limit-of-detection test.26 The data presented here strongly sug-
gest that the quality gap between fluorescence spectrometers 
and microplate readers is much smaller than is generally 
assumed.

Genetically encoded FRET sensors are usually studied 
via imaging in a fluorescence microscope using a rigorous 
three-cube technique.1 Corrections for cross-talk or bleed-
through between the donor and acceptor excitation/emis-
sion26 are determined by assessing images of fluorescence 
proteins expressed individually at each wavelength of inter-
est. Acquisition at multiple excitation and emission wave-
lengths is typically required during each microscopy 
experiment. A major advantage revealed by these studies is 
that the shape of the full emission spectrum (2048 data 
points spread across the 300- to 800-nm wavelength region) 
can be used to reliably and accurately quantitate fluores-
cence signal without the need for exhaustive controls on 
each of day of experiments. Reference spectrum from con-
trol cell lines (in suspension) need only to be acquired one 
time. They were used to calibrate for detector sensitivity 
and found to produce reproducible results for months on 
end. This drastically reduced the workload of maintaining 
and culturing control cell lines, thereby increasing produc-
tivity by reducing the number of conditions required for 
each experiment.

Another source of potential error in imaging experiments 
is autofluorescence contributions or interfering background 
emission. Microscopy methods rely on defining regions of 
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interest, designed to isolate the cells of interest (e.g., cells 
that have the highest fluorescence signal) from the back-
ground. These results are averaged over a statistically 
meaningful number of cells.27 The laborious nature of fluo-
rescence emission correction from cellular autofluores-
cence and fluorescent protein crosstalk has made its 
usefulness for high-throughput drug screening impractical.

The spectral unmixing method incorporates essentially 
the same filter cubes and epi-illumination geometry as fluo-
rescence microscopy. However, no attempt is made to 
image individual cells, as a simple lens directs the excita-
tion light into a microplate well and collects the emitted 
fluorescence signal. This cells-in-wells approach treats the 
cells as a homogeneous solution. Excitation of less than 
50,000 cells placed in suspension yielded enough photons 
to obtain high-quality spectra and fluorescence decay rates 
(lifetime) in a fraction of a second.

Spectral unmixing in fluorescence microscopy has previ-
ously been limited to low-throughput high-end instruments, 
typically based on a multianode PMT with 32 channels on 
roughly 10-nm spacing.28 The present approach uses a linear 
array detector and records at intervals of approximately 0.5 
nm. This is substantially narrower than the width of the spec-
tral features of interest but advantageous nonetheless because 
oversampling improves the robustness of the fitting.

Many methods have been developed to decompose the 
fluorescence spectrum for the purposes of correcting wave-
form distortions associated with monochromator-based 
excitation and emission.27,29 The complexities of these 
methods are unsuitable for large-scale drug discovery cam-
paigns. The development of a simplified method for multi-
component spectral analysis for the determination of FRET 
efficiency from a live-cell biosensor resulted in an assay 
suitable for high-throughput screening, as shown by the Z′ 
in Figure 5D. Reference spectra of the known components 
are used to decompose the spectrum from the sample of 
interest (Fig. 1C). The spectral recording technology allows 
for robust measurements with inexpensive equipment in 
comparison to fluorescence microscopes and flow cytome-
try. The spectral unmixing method can also be used to solve 
for unknown components such as sample contamination or, 
as shown in our following companion study,30 the direct 
identification of fluorescent compounds (false positives) 
during a high-throughput drug screen.

Data acquired by both spectral and lifetime modes were 
shown to be extremely precise. The focus of this article is to 
demonstrate the novel spectral recording technology, as the 
lifetime technology has been evaluated previously.3,5,6 
However, this is the first demonstration of the top-read fluo-
rescence lifetime plate reader. This optical configuration is 

Figure 5.  Spectral fitting increases assay precision by solving for the contribution of cellular autofluorescence. (A) Spectra were 
obtained from mixtures of transfected cells (expressing 2CS), with the indicated percentage of untransfected cells. Each spectrum 
is the average from 16 wells. (B) Example of data analysis using equation (3), showing the fit to the data in A for the case of 80% 
untransfected cells. (C) Autofluorescence (c in equation (3), normalized to the sum of all four components) from fits. (D) Quality 
factor Z′,10,17 using the effect of 100 nM thapsigargin (Tg) (Fig. 4) to define the signal window.
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advantageous as inexpensive black-bottom microplates can 
be used instead of glass-bottom microplates. Another ben-
efit is that temperature can be controlled by placing a heat 
source underneath the microplate. These studies directly 
compared two novel fluorescence plate reader technologies. 
A threefold increase in precision was found for spectral 
mode over lifetime mode, as shown in Figure 4C,D. These 
studies used data analysis methods that can currently be 
used for large-scale drug discovery efforts since they are 
not computationally taxing and can be performed in real 
time. The precision of the lifetime method is likely to be 
increased by development of more sophisticated analysis 
methods. For example, in these studies, a single-exponen-
tial model was used to fit the lifetime data, and no attempt 
was made to correct the lifetime data for artifacts from  
cellular autofluorescence. Demonstrations of advancements 
in using more rigorous global lifetime analysis can be found 
in the accompanying article30 reporting high-throughput 
screening performance.

The increased precision from spectral mode, compared 
with lifetime mode, is likely to be observed primarily when 
employing two-color biosensors, in which every donor has 

an acceptor on the same molecule. In biosensors created by 
reacting dyes with amino acid side chains and/or involving 
donor and acceptor on different proteins, lifetime detection 
has the advantage of resolving heterogeneous populations 
of donors. This unique structural resolution of the lifetime 
mode also permits the resolution of multiple structural 
states of the biosensor,1,31,32 providing more detailed struc-
tural information about the results of screening.

Two distinct classes of live-cell FRET biosensors were 
shown, those that are designed specifically for structure 
determination (Fig. 3A, Fig. 4A, Fig. 6B) and those that 
exploit a structural change in the biosensor for the purpose 
of quantitating the concentration of some species, such as 
[Ca2+], in the cellular milieu (Fig. 6C,D). There are many 
applications in which a better way to detect structural 
changes of a cytosolic or membrane protein via FRET 
would be valuable. Developing and engineering fluorescent 
protein FRET biosensors can be challenging, as they can be 
difficult to express (low signal, high cellular autofluores-
cence), they exhibit a low FRET signal (because the donor 
and acceptor are too far apart), or the dynamic range of the 
signal window may be limited. These problems can be 

Figure 6.  Accurate fluorescence resonance energy transfer (FRET) efficiency determination from cyan fluorescent protein (CFP) 
and yellow fluorescent protein (YFP) biosensors in HEK293 cells. (A) Two-component spectral fit of the C17V FRET standard. (B) 
FRET data from three CFP-YFP FRET pairs with different lengths. Forty-eight wells for each of the three pairs were studied in a 384-
well plate. (C) Concentration-response curves showing the effects of three sarco/endoplasmic reticulum calcium ATPase (SERCA) 
inhibitors on FRET (120 min after mixing), using the CFP/YFP-based D1ER cameleon FRET calcium sensor (n = 8 wells for each 
concentration, error plotted is standard deviation). Curves show best fits to the Hill equation. (D) Time-dependent effects of SERCA 
inhibitors on endoplasmic reticulum (ER) calcium at saturating drug concentrations. DMSO controls have no effect on ER calcium 
concentrations (data not shown). Thapsigargin (Tg, blue) irreversibly binds SERCA with high affinity and depletes calcium at a faster 
rate than butylbenzene (BHQ) and cyclopiazonic acid (CPA), which have micromolar binding affinities.
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overcome, as incredibly small changes in FRET signal can 
be detected using this spectral and lifetime detection tech-
nology. Even more so, detection of weak GFP fluorescence 
masked by cellular autofluorescence was clearly resolved 
using the spectral unmixing methods.

Beyond increased sensitivity and precision, the rapid 
acquisition rates reported here (10 wells or more per sec-
ond) allow for time course studies. Previous reports suggest 
that the resolution and sensitivity of microplate readers are 
inadequate to directly monitor calcium flux in live cells.33 
To date, HTS with cameleon sensors, such as D1ER, has 
been achieved using laborious high-content imaging34 or 
calcium-sensitive fluorescent dyes with CCD camera-based 
plate readers (FLIPR; Molecular Devices, Sunnyvale, CA). 
To our knowledge, this is the first time changes in live-cell 
calcium levels were shown to be monitored with high speed 
and precision in a fluorescence microplate reader using a 
FRET-based biosensor (Fig. 6C). Short acquisition times of 
200 ms per well were used to repeatedly scan portions of 
high-density microplates and monitor calcium flux at rates 
comparable to standard microscopy techniques, except 
across a range of chemical perturbations (Fig. 6D). Thus, 
the D1ER FRET-based calcium biosensor may be a power-
ful tool for HTS, linking the structural perturbations of 2CS 
to functional changes at the level of calcium dysregulation 
in live cells.

The spectral and lifetime detection methods presented 
here are widely applicable across the life sciences beyond 
high-throughput and high-content assays. Potential assays 
that may benefit from this platform are phenotypic screen-
ing of libraries of mutant constructs, recombinant antibody 
development, or protein stability assays, where sample 
quantities are limited. Future technological developments 
may also include cell sorting by the addition of microfluid-
ics devices.

In conclusion, a new instrument records fluorescence 
spectra in a microplate reader at speeds fully compatible 
with HTS applications. The resolution of the recorded spec-
tra is improved in comparison to that provided by standard 
cuvette-based fluorescence spectrometers, even though the 
acquisition rates are 100 times faster and sample volumes 
100 times smaller (Suppl. Fig. S1). The novel spectral and 
lifetime technologies were thoroughly evaluated and, when 
used together, are complementary, creating a new combina-
tion of precision and resolution, particularly in applications 
to living cells expressing genetically encoded FRET bio-
sensors. Accuracy and precision are comparable to or 
greater than those achieved with much lower throughput 
instruments, such as cuvette-based spectrofluorometers and 
fluorescence microscopes. These technical breakthroughs 
in fluorescence recording enable their use in HTS applica-
tions, as illustrated in the following article.30
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