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Abstract Fluorescence lifetime-resolved imaging micro-
scopy (FLIM) has been used to monitor the enzymatic
activity of a proteolytic enzyme, Membrane Type 1 Matrix
Metalloproteinase (MT1-MMP), with a recently developed
FRET-based biosensor in vitro and in live HeLa and
HT1080 cells. MT1-MMP is a collagenaise that is involved
in the destruction of extra-cellular matrix (ECM) proteins,
as well as in various cellular functions including migration.
The increased expression of MT1-MMP has been positively
correlated with the invasive potential of tumor cells.
However, the precise spatiotemporal activation patterns of

MT1-MMP in live cells are still not well-established. The
activity of MT1-MMP was examined with our biosensor in
live cells. Imaging of live cells was performed with full-
field frequency-domain FLIM. Image analysis was carried
out both with polar plots and phase differential enhance-
ment. Phase differential enhancement, which is similar to
phase suppression, is shown to facilitate the differentiation
between different conformations of the MT1-MMP bio-
sensor in live cells when the lifetime differences are small.
FLIM carried out in differential enhancement or phase
suppression modes, requires only two acquired phase
images, and permits rapid imaging of the activity of MT1-
MMP in live cells.

Keywords Fluorescence Lifetime Imaging
Microscopy—FLIM . Förster resonance energy
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Introduction

Finding spatial and temporal correlations for signaling
cascades regulating cell migration is crucial for under-
standing the mechanisms by which metastatic cancer cells
invade neighboring tissues. Interestingly, the family of
matrix metalloproteinases (MMPs) have been shown to be
up-regulated and play important roles in many types of
human cancers during metastasis [1–3]. Of these MMPs, a
proteolytic enzyme called Membrane Type 1 Matrix Metal-
loproteinase (MT1-MMP) has generated particular interest
because of its involvement not only in the destruction of
ECM (extracellular matrix) proteins but also in the trans-
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mission of signaling cascades to facilitate invasion [4–9].
However, our understanding of the spatiotemporal activity
of MT1-MMP in live cells is still limited.

The function of MT1-MMP during metastatic events
stems from its effect on, and relationships to, other proteins
and enzymes in various signal transduction cascades.
However, many unanswered questions exist about MT1-
MMP’s associated functions with other enzymes and
proteins in cells. Kinases such as Src which are responsible
the turnover and development of adhesion sites, have been
implicated as possibly interacting with MT1-MMP to
modulate its function [4, 10]. In addition, MT1-MMP’s
role regulating migration is not established; it has been
linked to its internalization at the membrane [6], its ability
to control the shedding of other membrane proteins such as
CD44 [11] and syndecan-I [12] and possibly its processing
of the products of ECM destruction [13]. Given the
complexity of MT1-MMP’s function and regulation in live
cells, understanding the spatiotemporal activation patterns
of MT1-MMP is crucial for developing a complete model
of its biochemical functions in cells that direct events
necessary for metastasis and invasion.

In order to visualize the enzymatic activity of MT1-
MMP in live cells and in real-time, biosensors based on
Förster resonance energy transfer (FRET) have been
developed [14]. Most FRET biosensors involve molecules
(e.g. proteins), which exist in two different conformations
or extents of association; these molecules are labeled with
donor and acceptor chromophores (often fluorescent pro-
teins). Whenever donor and acceptor chromophores are
sufficiently close and have mutually favorable orientations,
energy is transferred non-radiatively from an excited donor
molecule to a nearby acceptor molecule [15–18].

Our biosensor reports on the activity of MT1-MMP. The
current version of the MT1-MMP biosensor [19] consists of
a substrate specific to the catalytic domain of MT1-MMP,
which is inserted between the enhanced cyan fluorescent
protein (ECFP) and the yellow fluorescent protein for
FRET (YPet) [20]. Once the substrate of the biosensor is
cleaved by the active MT1-MMP, the donor and acceptor
are permanently separated resulting in a complete loss of
FRET. Changes in fluorescence emission from either the
donor or the acceptor as a result of FRET are used to
monitor the conformation of the MT1-MMP biosensor and
consequently the activity of MT1-MMP.

Because of the quantitative relationship between the
efficiency of FRET and the distance between the donor and
acceptor, measurements of the FRET efficiency can
accurately report on a biosensor’s conformation. Intensity-
based FRET techniques have been used in previous studies
of the MT1-MMP biosensor; these methods rely on
ratiometric assessments of variations in the donor’s and
acceptor’s fluorescence to infer the biosensor’s conforma-

tion [19, 21, 22]. These intensity-based measurements
require controls that are often difficult to perform reliably.
Other steady-state fluorescence methods for quantifying
FRET efficiencies in live samples include acceptor and
donor photobleaching, sensitized emission and polarization-
based approaches [18, 23–25].

An alternative measurement is FLIM, which is a
concentration independent measurement and is conse-
quently not subject to the controls that are often difficult
to carry out reliably with steady-state measurements of
FRET in live cell systems. Genetically-encoded biosensors
based on FRET in conjunction with FLIM have been
increasingly applied to visualize molecular activity in live
cells. Our homodyne, full-field, frequency-domain FLIM
instrument provides rapid image acquisition for mapping
FRET efficiencies, making it well-suited for studying
biosensors in live cells [26, 27].

Fluorescence lifetimes characterize the average time that
a molecule remains in the excited state prior to returning to
the ground state [26, 28, 29]. Lifetimes can be measured
either in the time domain, where the time-dependent
fluorescence excited by a very short pulse of light is
analyzed, or in the frequency domain, where fluorescence is
examined during excitation with a repetitive modulation of
the light intensity with harmonic components. We use the
latter method with a single modulation frequency to achieve
rapid data acquisition.

To increase contrast between different conformations of
the biosensor when imaging with frequency-domain FLIM,
we have applied a novel phase differential enhancement
analysis, which is related to phase suppression methods
[30–35]. One of the first applications of phase suppression
was by Veselova et al. [36, 37] to separate and distinguish
spectra of two fluorescence components in the same sample
with different lifetimes. By adjusting the phase of the
detector, they could block the fluorescence signal of one
component with a certain lifetime, and observe only the
spectrum of the other component. Later, this technique has
been applied by several investigators for separating spectra
from fluorophores with different lifetimes and to eliminate
background [38–42].

In the work presented here, experiments with the MT1-
MMP biosensor were performed in both HeLa and HT1080
cells, where the conformation of the intracellular MT1-MMP
biosensor could be varied. Guided by initial experiments
establishing the FRET efficiency of our system, a correspond-
ence was established with live cells between the biosensor’s
conformation and the phase differential enhancement experi-
ments. The results show that the contrast between the two
states of our FLIM-based biosensor improves when the data
are analyzed with phase differential enhancement compared to
more typical evaluations of the time-dependent fluorescence
emission of the donors and acceptors.
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Materials and Methods

Measurements of Lifetimes in the Frequency Domain

The intensity of the excitation light illuminating the sample
is repetitively modulated at frequency f=1/T, where T is the
repetition period [28, 29, 33, 34, 43]. Each frequency
component of a Fourier series expansion of the repetitive
excitation intensity can be analyzed separately and inde-
pendently. The fundamental sinusoidal component of the
repetitive time-dependent excitation light at a radial
frequency ωE=2πf can be written as,

EðtÞ ¼ Eo þ Ew cos wEt þ ϕEð Þ: ð1Þ
Eω /Eo is the modulation depth of the excitation light, and
ϕE is the phase of the excitation light.

The fluorescence intensity of the sample, S(t), is
modulated at the same frequency as the excitation, and is
delayed in phase and de-modulated relative to the excitation
light.

SðtÞ ¼ So þ Sw cos wEt � ϕF � ϕEð Þð Þ ð2Þ
The relative shift in phase and de-modulation have

associated lifetimes, (τϕ) and (τM), defined according to
Eqs. (3) and (4).

ϕ � ϕF � ϕE ¼ tan�1 wEtϕ
� � ð3Þ

M ¼ Sw=So
Ew=Eo

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ wEtMð Þ2

q ð4Þ

ϕ � ϕF � ϕE is the phase delay of the fluorescence
relative to that of the excitation. M is the modulation ratio
(fractional depth of the modulation depth of the sample
relative to that of the excitation). For a single lifetime
component τφ = τM; otherwise τφ < τM.

When samples have more than one lifetime compo-
nent (see Appendix A), such as the ECFP studied here,
S(t) is a sum (or more generally an integral if there is a
distribution of lifetimes), where each lifetime component
contributes a unique modulation ratio (weighted by its
fractional intensity) and phase delay to the sum (or
integral) [26, 28, 29, 44]. However, whether there is a
single or many lifetime components, the measured
fluorescence S(t) of Eq. (2) is always described in terms
of a sinusoid at the frequency ωE with a particular
modulation ratio and a single phase delay germane to the
sample. Methods and techniques exist to extract multiple
component lifetimes from complex samples in the fre-
quency domain using a single or multiple modulation
frequencies [45–48].

Polar Plot Representation of Lifetimes in the Frequency
Domain

The interpretation of lifetime-resolved experiments in the
frequency domain can be carried out graphically on a
polar plot [44, 49, 50]. Equations (5) and (6) define the
Cartesian coordinates of a vector [x,y] on a polar plot. The
vector [x,y] can also be expressed in polar coordinates,
where each point [x, y] = [M, ϕ] on a polar plot
corresponds to a polar vector with its magnitude equal to
the measured modulation ratio M ¼ x2 þ y2ð Þ12, and a polar
angle relative to the x-axis equal to the measured phase
delay ϕ ¼ arctan y x=ð Þ,
x ¼ M cos ϕð Þ ð5Þ

y ¼ M sin ϕð Þ ð6Þ
Each FLIM measurement (at every pixel of an image),

whether the measured fluorescence has a single lifetime or
many lifetimes, is represented uniquely by a vector on a
polar plot. The [x, y] = [M, ϕ] vectors from fluorescence
measurements of single component fluorophores lie exactly
on a universal semi-circle. This semi-circle is centered at
[x,y] = [0.5,0] with a radius of 0.5 (see e.g. Figs. 1, 3 and 5;
[44, 49–51]). For a multi-component fluorescence signal,
each individual component, i, contributes fractionally to
the measured phase delay and modulation ratio that define
the measured vector on the polar plot. The contribution of
each lifetime component to the vector on the polar plot is
weighted by its corresponding fractional contribution to
the steady-state intensity (fractional intensity contribu-
tion). Therefore, polar plot vector [x, y] = [M, ϕ] of a
measured fluorescence signal with multi-component life-
times is a weighted linear combination of a set of vectors
of the single component lifetimes x; y½ � ¼ M ;ϕ½ � ¼P

i ai x; y½ �i ¼
P

i ai M ;ϕ½ �i;ai is the fractional intensity
contribution of component i, and

P
i ai ¼ 1. The end

points of all measured polar vectors that describe multi-
component systems (and which represent fluorescence that
is directly excited with light) are located inside this semi-
circle on the polar plot. See Appendix B for a more
thorough discussion.

Polar plots are particularly advantageous for present-
ing and analyzing FLIM data from live cell imaging
because the fluorescence decay kinetics can be uniquely
characterized in the frequency domain by a single
measured point. It is important to emphasize that the
phase delay and modulation ratio are directly measured
parameters and a polar plot representation does not
assume any model of lifetimes or their distribution; in
this sense, the polar plot is a model free description of
the fluorescence measurement.
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Homodyne Detection of Fluorescence Lifetimes

Our full-field frequency-domain FLIM is carried out by
repetitively modulating the gain of the detector (image
intensifier) at high frequencies [26, 43, 52] with the
same modulation frequency as the excitation light
(homodyne). The modulation of the excitation light and
the detector gain are phase locked (synchronized). The
high frequency fluorescence signal is thereby trans-
formed to a DC signal that depends on the phase
difference between the modulation of the intensifier
amplification and of the excitation light. All information
encoded in the original fluorescence signal is retained
throughout the homodyne procedure. See Appendix for a
more thorough description.

For a normal FLIM measurement, a series of images
(phase images) is acquired at successive phase differences
between the excitation light and the detector amplification
(detector phases) over a full period, 0 to 2π. The series of
phase recordings at each pixel of the resultant images is
analyzed as a sinusoidal curve, from which the phase delay
and modulation ratio of the sample’s fluorescence can be
determined at every pixel (see the previous section). The
number of selected phases depends on the purpose of the
experiment.

Phase Suppression with Full-Field Homodyne FLIM

Complete Phase Suppression of One Component

Each fluorescence component (say the ith component)
contributes to the fluorescence signal with a unique phase
delay ϕF,i − ϕE and modulation ratio, Mi. By taking two
phase images where cos ϕG � ϕE þ ϕF;i

� � ¼ 0, and sub-
tracting the two images (the phases of these two selected
homodyne signals, ϕG � ϕE þ ϕF;i

� �
, differ by π), the

sinusoidal signal from the ith fluorescence component with
a certain phase delay (for instance, ϕF,i − ϕE) can be
completely suppressed, leaving only contributions in the
difference image from fluorescence components with
different phase delays. Phase suppression works in homodyne
detection because the sinusoidal contributions of fluorophores
with different phase delays (different lifetimes) are shifted in
phase relative to one another (Supp. Fig. 1B and C). Any
other fluorescent species (for instance, species j with
ϕF;j 6¼i 6¼ ϕF;i) in the sample with a different characteristic
phase delay such that cos ϕG � ϕE þ ϕF;j 6¼i

� �
6¼ 0 for the

two detector phases selected previously for the suppression
of species i, will accordingly have a non-zero intensity after
the subtraction of the two phase images. Thus if there are
only two components, i and j and if component i has been

Fig. 1 Time-resolved in-vitro
analysis of the MT1-MMP
biosensor: a The detected phase
delay and modulation ratio of
the purified MT1-MMP
biosensor before and after
cleavage were detected through
the ECFP channel and are
plotted on the polar plot. b The
phase delay and modulation
ratio of YPet on the MT1-MMP
biosensor before (measured) and
after (simulated assuming that
only the fluorescence of the
acceptor excited by FRET is
observed—see text) cleavage,
detected through the YPet
channel. c The trajectories of the
phase delay and modulation
ratio of the MT1-MMP
biosensor before and after
cleavage, visualized through the
channels specific for ECFP and
YPet as indicated
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suppressed, only component j will be visible in the differ-
ence image.

When phase suppression is carried out at every pixel of an
image containing multiple fluorophores, the resulting differ-
ence intensity images map the location of different fluoro-
phores. Furthermore, we know the lifetime of the fluorescence
at all pixels (or objects in the image), because the phase
reading for the component which is fully suppressed is 90°
from the phase setting corresponding to that lifetime. In
addition, once the two detector phases have been selected for
the suppression, image acquisition is limited to only two
exposures at two different detector phases; thus the data
acquisition by phase suppression is more rapid thanmeasuring
at multiple detector phases required to determine the actual
values of the modulation ratio and phase delay.

Maximizing Differences between Two Phase Images: Phase
Differential Enhancement

Rather than complete suppression of a particular component,
two detector phases of the homodyne FLIM instrument can be
chosen to provide the largest difference in intensity between
two fluorescing species when the phase suppression strategy
is applied. In this paper, this approach will be referred to as
phase differential enhancement. For example, after the
subtraction of two phase images, the user may be left with a
positive intensity corresponding to a specific fluorescing
species and a negative intensity corresponding to another
unique fluorescing species. Hence, the absolute intensity
difference would have a value different from zero. That is,
phase differential enhancement does not suppress the intensity
of a specific lifetime component, as discussed for phase
suppression, but enhances the AC phase difference between
components with similar lifetimes. This approach is shown in
this work to be very useful for the MT1-MMP biosensor.

Selecting the Modulation Frequency for Phase Differential
Enhancement

When applying phase differential enhancement, it is beneficial
to maximize the difference in phase delay between the two
species being studied. The difference in the phase delay
between distinct fluorescent species can be maximized by
measuring with an optimal modulation frequency. The function
ϕ tð Þ ¼ ϕFðtÞ � ϕEð Þ, Eq. (2), can be used to determine the
optimal modulation frequency for maximum difference in
phase delay (and therefore, maximum intensity differences
between two species with phase differential enhancement) by
taking its derivative as a function of lifetime.

dϕ tð Þ
dt

¼ wE

1þ wE
2t2

ð7Þ

When dϕ tð Þ
dt

� �
is evaluated at a particular lifetime value

and plotted as a function of frequency, the maximum
corresponds to the frequency that provides the greatest
change in phase delay (ϕ(τ)) for a small change in the
lifetime (τ). Typical lifetimes for the fluorophores used in
this paper are 2 ns ECFP and 4 ns for YPet. According to
this analysis, ~80 MHz is the optimal frequency for
distinguishing changes in the phase delays for ECFP, and
~40 MHz is the optimal frequency for detecting the
corresponding changes in phase delay for YPet on the
MT1-MMP biosensor (Supp. Fig. 2).

Measuring FRET Efficiency

FRET efficiency (E) can be quantified directly by measur-
ing the donor’s lifetime without an acceptor (τD) and with
an acceptor (τDA).

E ¼ 1� tDA
tD

ð8Þ

However, typical of many cyan variants, the chromo-
phore of ECFP exhibits two lifetimes. Both lifetimes are
quenched by energy transfer. Usually an average lifetime is
used to quantify FRET efficiency [28, 29, 53]. The average
lifetime is defined as the weighted sum of all component
lifetimes (τi) each lifetime multiplied by its corresponding
species fraction (ai),

hti ¼
X
i

ait i ð9Þ

The FRET efficiency of a multi-component system can
then be approximated by the following equation where
〈τ〉DA and 〈τ〉D are the average lifetimes of donor in the
presence of the acceptor and free donor,

E ¼ 1� htiDA
htiD

ð10Þ

This assumes that there is a complete labeling of donors
and acceptors in the sample. Corrections must be made for
imperfect labeling to compute FRET efficiencies.

The extent of energy transfer in a system can also be
determined by measuring the phase delay and modulation
ratio of the acceptor’s fluorescence. Although the acceptor’s
lifetime does not vary as a result of FRET, the measured
phase delay and modulation ratio of the acceptor’s
fluorescence will be altered from that when the acceptor
is directly excited. This is because the excitation of the
acceptor by FRET from the donor follows the time course
of the donor decay [51]. Analysis shows that the measured
phase delay of an acceptor undergoing FRET (ϕAD) is the
sum of the phase delay of the donor undergoing FRET
(ϕDA) and the phase delay of the acceptor that would be
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measured if the acceptor was directly excited (ϕA). In
addition, the measured modulation ratio of the emission of
an acceptor that is excited by FRET (MAD) is the product of
the modulation ratio of the donor during FRET (MDA) and
the modulation ratio of the directly excited acceptor (MA).

ϕAD ¼ ϕDA þ ϕA ð11Þ

MAD ¼ MDAMA ð12Þ
The above equations have been derived previously by

convoluting the acceptor’s fundamental fluorescence
response with the intensity-modulated emission of a donor
fluorophore [51, 53] and by examining the measured rate of
de-excitation of the acceptor in the presence of the donor
with kinetic models [54, 55].

In-Vitro Characterization

The ECFP/YPet MT1-MMP biosensor (protein) was
expressed with an N-terminal His6 tag in Escherichia coli
and purified by Nickel chelation [56]. Unless otherwise
stated, a 4 μM solution of the biosensor was measured
before and after digestion with trypsin for the in-vitro
characterization. The biosensor (protein) was suspended in
proteolytic assay buffer described previously [21]. Trypsin
was used for this characterization because it can completely
cleave the biosensor. The specificity of the substrate in the
biosensor for the catalytic domain of MT1-MMP has been
described previously [19].

Steady-state spectra were acquired on a PC1 fluorometer
(ISS Inc., Champaign, IL) at an excitation wavelength of
440 nm. Spectra were collected with the polarizer orienta-
tions at magic angle conditions and corrected to account for
the volume of trypsin added in the cleavage assays, the
variations in lamp intensity and the spectral sensitivity of
the emission channel. The corrections, integrations of the
spectra and the extraction of the spectra of ECFP and YPet
were carried out in Excel (Microsoft, Redmond, WA) and
MATLAB (MathWorks, Natick, MA). A set of reference
spectra for both ECFP and YPet (Roger Tsien Lab1),
allowed the isolation of each component spectrum from the
measured spectra of the biosensor (containing both compo-
nents) by linear component analysis. The extracted spectra
of ECFP, YPet and the biosensor were fit to Gaussian
functions for numerical integration.

Lifetime measurements were carried out on our homo-
dyne frequency-domain FLIM instrument at a modulation
frequency of 40 MHz [27]. The excitation source was a
440 nm laser (Crystal Laser, Reno, NV) and the emission
was collected through filters (Omega Optical, Brattleboro,

VT) for ECFP (460–500 nm) or YPet (510–565 nm). The
sample was imaged on an inverted microscope in solution
on a glass-bottom dish using a 40X air objective (Leica,
Wetzlar, Germany). The lifetime of YPet was measured at a
modulation frequency of 40 MHz while being directly
excited by the 488 nm line of an Ar+ laser (Uniphase, San
Jose, CA). The reference solution for all frequency-domain
FLIM measurements was fluorescein at a concentration of
50 μM in 0.1 N NaOH (lifetime of 4.3 ns [57]).

Multi-frequency lifetime measurements were conducted
to determine the average lifetime of ECFP attached to the
MT1-MMP biosensor. Measurements were carried out on a
K2 frequency-domain lifetime fluorometer (ISS Inc, Cham-
paign, IL), using magic angle polarizer conditions. A
440 nm laser (Crystal Laser, Reno, NV) was the excitation
source. A set of 20 modulation frequencies was chosen
between 10 MHz and 100 MHz. The emission filter was a
488±10 nm bandpass filter (Chroma, Bellows Falls, VT).
The concentration of samples, typically within the range of
0.5–2 μM, was adjusted to avoid saturation of the detector
and re-absorption. The lifetime components and fractional
contributions to the steady-state intensity were computed by
a least squares fitting algorithm in the Vinci Analysis
Software (ISS Inc, Champaign, IL). The fluorescein
fluorophore used as a lifetime standard for these experi-
ments was dissolved in 0.1 N NaOH at an optical density
equal to 0.02 at an excitation wavelength of 490 nm
(lifetime=4.3 ns [57]) was the reference fluorophore.

Live Cell Imaging

Transfection of the HeLa and HT1080 cells was performed
with Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to manufacturer’s instructions. Cells were plated
on glass-bottomed dishes and starved with 0.5% Fetal
Bovine Serum (FBS) (Atlanta Biologicals, Lawrenceville,
GA) for 36–48 h prior to imaging. For the MT1-MMP
inhibition experiment, HT1080 cells maintained in DMEM
(Invitrogen, Carlsbad, CA) with 0.5% FBS were pre-treated
with GM6001 (Merck, Germany) at a concentration of
20 μM for approximately 18 h before imaging to inhibit the
MT1-MMP activity. All images were collected on Leica
DMIRB microscope operating with an oil immersion 100X
objective (Leica, Germany) at room temperature.

For FLIM imaging, the excitation source was a 440 nm
laser (Crystal Laser, Reno, NV) with its intensity modulated
at frequencies of either 40 MHz or 80 MHz. Fluorescence
was collected through filters (Omega Optical, Brattleboro,
VT) specific either for ECFP (460–500 nm) or YPet (510–
565 nm).

The magnitude of the separation between the points on
the polar plot representing the intact and cleaved biosensor
depends on the choice of modulation frequency. A1 Personal Communication
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frequency of 40 MHz provided the necessary resolution for
the concomitant detection of ECFP and YPet for both
conformations of the MT1-MMP biosensor in the live cells.
Therefore, the supporting in-vitro measurements were also
performed at a modulation frequency of 40 MHz.

Cell images were analyzed by MATLAB (Mathworks,
Natick, MA). In brief, the images were de-noised with a
custom de-noising algorithm developed for the full-field
FLIM instrument [57]. The boundary of the cell was then
determined by segmenting the intensity images by applying
Otsu’s method [58]. Because of slight variations in back-
ground and signal levels among different cells, a different
threshold was applied to each cell for precise detection of
cell boundaries.

Results

In-Vitro Characterization

Initial experiments established the FRET efficiency, spectral
features and the frequency-domain lifetime characteristics
(phase delay and modulation ratio) of the MT1-MMP
biosensor in vitro.

Lifetime data in the spectral region of donor (ECFP)
fluorescence were collected in a cuvette. The lifetime of
ECFP decreased from 2.84 ns for pure ECFP to 0.70 ns for
ECFP with FRET, indicating an energy transfer efficiency
of approximately 0.75 (see Table 1).

Separately, homodyne FLIM measurements of ECFP’s
fluorescence on the MT1-MMP biosensor before and
after cleavage of the biosensor were carried out in
solution at a modulation frequency of 40 MHz. A
shortening in the overall lifetime of the ECFP as a result
of energy transfer is also seen in the polar plot in Fig. 1a.
The locations of the points on the polar plot recorded with
homodyne FLIM system are consistent with the total
phase delay and modulation ratio measured on the multi-
frequency cuvette-based instrument at a similar modula-
tion frequency.

With FLIM, in the spectral region corresponding to the
acceptor (YPet), we have also measured lifetime-resolved
signals of the biosensor before and after it was cleaved

(Fig. 1c); both the donor and acceptor emit at these
wavelengths (emission between 510 nm and 565 nm;
excitation wavelength of 440 nm). A phase delay and
modulation ratio corresponding to about 3.8 ns was
recorded for the intact biosensor; these data (Fig. 1c) are
located near the semicircle. After the biosensor was
cleaved, the phase delay and modulation ratio corresponded
to a multi-component lifetime. Multiple lifetimes are
observed partly because the absorbance spectrum of YPet
(and many of the YFP variants) has a tail extending into the
low wavelength region indicating that YPet is simulta-
neously directly excited in addition to ECFP. Therefore, the
phase delay and modulation ratio corresponding to an
approximate lifetime of 3.8 ns for the intact biosensor
(undergoing FRET) contains intensity contributions from
directly excited YPet, YPet’s emission excited by energy
transfer as well as some emission from ECFP. Likewise, the
phase delay and modulation ratio measured for the cleaved
biosensor at emission wavelengths characterizing mostly
YPet contain intensity contributions from both the unpaired
ECFP and YPet.

Phase and modulation data collected for both con-
formations of the biosensor at emission wavelengths
between 510 nm and 565 nm were further analyzed to
check for consistency with the acceptor lifetime FRET
theory. To extend this analysis of the acceptor’s lifetime,
the lifetime of pure YPet was also measured by directly
exciting the MT1-MMP biosensor undergoing FRET with
a longer wavelength (488 nm) and was found to be a
single lifetime at 3.45 ns (filled circle in Fig. 1b). Using
the spectra in Fig. 2, fractional contributions of each
species to the total steady-state intensity were computed
for each conformation of the biosensor (intact and
cleaved) at emission wavelengths characteristic of YPet.
The corresponding vector on the polar plot for YPet
undergoing energy transfer could then be simulated and
plotted (empty circle in Fig. 1b).

As can be seen, the magnitude of the phase shift between
the polar coordinates of YPet during FRET (empty circle in
Fig. 1b) and ECFP during FRET (empty circle in Fig. 1a) is
close to the phase delay of pure YPet (filled circle in
Fig. 1b). The total modulation ratio (length of the polar
vector) of YPet during FRET is 0.72 which is approx-
imately the product of the modulation depth of pure YPet
0.76 and the modulation depth of ECFP during FRET
0.91.

The trajectories on the polar plots of the FLIM data
describing the biosensor show two unique tracks for the
donor and acceptor when measured using their respective
filters (Fig. 1c). These trajectories are basic information,
from which we interpret the measured variations in the
phase delay and modulation ratio of the biosensor within
live cells.

Table 1 The multi-frequency lifetime measurements were quantified
after fitting the data to two lifetime components to characterize
ECFP’s chromophore. The average lifetimes are listed in the table,
reflecting an average FRET efficiency near 0.75

a1 τ1 (ns) a2 τ2 (ns) ‹τ› (ns)

ECFP-FRET 0.92 0.42 0.08 3.99 0.71

ECFP 0.44 1.24 0.56 4.08 2.83
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Visualizing Exogenous MT1-MMP Activity in Live Cells

Analysis on the Polar Plot

A series of HeLa cells transfected with the MT1-MMP
biosensor either alone (n=5) or together with the MT1-
MMP enzyme (n=5) were imaged with the FLIM system at
a modulation frequency of 40 MHz. Since HeLa cells are
deficient in endogenous MT1-MMP, the biosensors
remained intact in cells expressing only the intact biosensor.
However, when HeLa cells expressed both the biosensor
and the MT1-MMP enzyme, a large fraction of intracellular
biosensors were cleaved

As shown in Fig. 3a, there was a change in both the
phase delay and the modulation ratio collected through the
filter for ECFP (ECFP channel) between the HeLa cells
expressing the intact biosensor only and the HeLa cells
expressing both the MT1-MMP biosensor and the MT1-
MMP enzyme. When seen on a polar plot, the trend of this

change in the two phase delays and modulation ratios
paralleled that of the in-vitro experiments, indicating
cleavage of the biosensor in the co-transfected HeLa cells.
Similarly, phase delays and modulation ratios collected
through the filter for YPet (YPet channel) indicated that the
polar coordinate describing the cells expressing both
biosensor and MT1-MMP enzyme moved farther into the
semi-circle, as shown on the polar plot (Fig. 3b). However,
the overall change in the polar coordinate of each species
(through either channel) was small and their associated
distributions demonstrated significant overlap on the polar
plot (Fig. 3a-b).

Phase Differential Enhancement Applied to the ECFP
Channel

To increase the discrimination of the FRET-FLIM experi-
ment, the individual intensity images collected at each of
the eight detector phases used in our homodyne detection

Fig. 2 The analysis of the steady-state spectra of the MT1-MMP
biosensor in vitro: The spectra represent the contributions of three
species: 1) the direct excitation of ECFP’s emission (−), 2) YPet’s
emission due to its direct excitation (○), and 3) YPet’s emission due to

FRET (□) to (a) the spectrum of the intact (Δ) and to (b) the spectrum
of the cleaved biosensor (Δ). Of course, the cleaved biosensor lacks
the contribution from YPet’s emission due to FRET

Fig. 3 The polar plots describing the donor and acceptor on the MT1-
MMP biosensor measured in HeLa cells: a As visualized through the
ECFP channel, the average position on the polar plot of the HeLa cells
(open circles, n=5) singly transfected with the MT1-MMP biosensor
and the average position of the HeLa cells transfected with the MT1-

MMP biosensor and MT1-MMP enzyme (filled circles, n=5) are
shown. Error bars in x and y are the standard deviations in each
coordinate axis. b The average polar positions of the same cells
described in (a) are plotted here having been imaged through the YPet
channel
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were analyzed for both singly transfected HeLa cells (n=5)
and co-transfected HeLa cells (n=5). HeLa cells examined
for analysis with phase differential enhancement were
measured at a modulation frequency of 80 MHz through
the ECFP channel (Supp. Fig. 3).

For each cell, the phase-selected intensity images taken
through the ECFP channel at eight different detector phases
(phase images) were used to compute an image of the DC
offset at each pixel of the image. The eight phase images
were then divided in a pixel-wise manner by this DC offset
image. For all cells (singly transfected and co-transfected),
the average intensity of each phase image normalized by
the DC offset was computed for each detector phase setting
(Fig. 4a). The standard deviations for each of the points
plotted in Fig. 4a were all less than two percent of their
corresponding intensity values in the plot. The fluorescein
reference standard was measured separately before and after
FLIM imaging of the singly and co-transfected cells.

An inspection of the plot of the average intensities for
each phase image normalized to their respective DC offset
for each set of HeLa cell (singly transfected and co-
transfected cells) shows that phase differential enhancement
can further distinguish the two sets of cells (Fig. 4a).
Specifically, subtracting the phase-6 image from the phase-
4 image resulted in approximately an order of magnitude

difference in the resulting intensity differences between
singly- and co-transfected HeLa cells (Fig. 4b).

Similarly, subtraction of phase-8 and phase-2 images
shown in Fig. 4a also provided a large difference in
intensity between the two sets of cells. However, in this
case, both sets of HeLa cells (singly transfected and co-
transfected) still retain significant non-zero intensities after
the subtraction (Fig. 4b). After subtraction of the intensity
images corresponding to phase 8 and phase 2, the intensity
difference of the co-transfected cells is negative, whereas
the singly transfected HeLa cells maintain a consistently
positive intensity difference. Although in these examples,
one set of cells was not completely suppressed, the
absolute difference in intensity between the two sets of
cells after the subtraction was sufficient to distinguish
clearly two different sets of cells (Fig. 4b). By subtract-
ing these two phase images that maximize differences, the
normalized intensity difference images of cells containing
intact biosensor had nearly three times the intensity
differences of the cells containing cleaved biosensors
(Fig. 4b and d).

The resulting images from the phase differential
enhancement strategies (Fig. 4c and d) indicate that there
is a nearly homogenous distribution of biosensors in both
sets of HeLa cells (singly- and co-transfected).

Fig. 4 Phase differential enhancement applied to the ECFP channel
characterizing the MT1-MMP biosensor in HeLa cells: a The average
intensity of each phase image measured at the eight phases applied to
our detector describing the MT1-MMP biosensor through the ECFP
channel in singly- (intact biosensor with FRET, black, n=5) and co-
transfected (cleaved biosensor without FRET, light gray, n=5) HeLa
cells are shown. Also displayed are the fits corresponding to each
curve used for the homodyne detection of each set of HeLa cells. The

data points were normalized to their respective DC offsets for plotting
and analysis. b The bar graphs show the average intensity differences/
DC offset of the MT1-MMP biosensor in singly- (intact biosensor
with FRET) and co-transfected (cleaved biosensor without FRET)
HeLa cells after the phase image #6 or #8 was subtracted from those
of #4 (P6-P4) or #2 (P8-P2), respectively. The error bars represent
standard errors. c-d The representative cell images resulted from the
phase differential enhancement in P6-P4 and P8-P2 groups
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Visualizing Endogenous MT1-MMP Activity in Live Cells

Analysis on the Polar Plot

Variations in the conformation of the MT1-MMP biosensor
were also studied in cancerous HT1080 cells by examining
corresponding changes in the phase delay and modulation
ratio of both ECFP and YPet. HT1080 cells were incubated
with or without GM6001, which blocks MT1-MMP activity
and hence prevents cleavage of the MT1-MMP biosensor.
As such, cells treated with or without GM6001 contain
mainly intact or cleaved biosensors, respectively.

Initially, all of the HT1080 cells were imaged through
the ECFP channel at a modulation frequency of 40 MHz.
When the phase delays and modulation ratios from the two
sets of HT1080 cells were collected and projected on a
polar plot, there was no substantial difference between cells
treated with inhibitor and those not treated (Fig. 5a).

However, analysis of the phase delays and modulation
ratios collected through the YPet channel with a modulation
frequency of 40 MHz did show a separation in the polar
coordinates on polar plots based on the inhibitor treatment
(Fig. 5b). The polar coordinate describing the cells
incubated with the MT1-MMP inhibitor moved toward the
outside of the semi-circle close to position predicted in the
in-vitro measurements. Likewise, when cells were not given
the inhibitor treatment, the polar coordinate fell into the
semi-circle indicating that intracellular MT1-MMP was
readily cleaving the biosensor.

Phase Differential Enhancement Applied to the YPet
Channel

Phase differential enhancement was then applied to the
HT1080 cell data collected through the YPet channel. In
this case, the phase difference between the two sets of

HT1080 cells containing the two conformations of the
biosensor (intact and cleaved) was approximately 3.7°.
Figure 6a shows the average of eight intensity images
collected at each detector phase for the HT1080 cells
treated with GM6001 inhibitor (n=5) and the HT1080 cells
not treated with inhibitor (n=5), normalized to their
corresponding DC offset on a pixel-wise basis. Although
not shown in Fig. 6a, the standard deviation of each of the
plotted intensities was less than 4% of the associated mean
value. Separate measurements of the fluorescein standard
were acquired during the acquisition of each set of images
(before and after each FLIM measurement on the cells).
The variance in these standard measurements was always
well within the difference of the phases between the two
states of the biosensor.

Subtraction of the phase-7 image from the phase-2 image
acquired with the YPet channel, substantially reduced the
magnitude of the resulting intensity difference from
HT1080 cells not treated with inhibitor (Fig. 6b). Although
there was a larger degree of cell-to-cell heterogeneity for
HT1080 cells as compared to HeLa cells, the resulting
intensity differences representing the two sets of HT1080
cells varied in magnitude by approximately a factor of 2.
The images resulting from phase differential enhancement
revealed a fairly homogenous distribution of the biosensor
in the cases of HT1080 cells treated with and without
GM6001 inhibitor. Representative HT1080 cell images
containing intensity differences resulting from phase differ-
ential enhancement are shown in Fig. 6c.

Discussion

We have shown how phase differential enhancement aids in
distinguishing changes between the two conformations of
our FRET-based MT1-MMP biosensor using frequency-

Fig. 5 Variations in polar coordinate of ECFP and YPet on the MT1-
MMP biosensor transfected into HT1080 cells: a The average position
on the polar plot describing a set (n=5) of HT1080 cells transfected
with the MT1-MMP biosensor and measured in the ECFP channel is
shown as an open circle. The average position on the polar plot

calculated from the data collected through the ECFP channel
describing a set of HT1080 cells (n=5) incubated with the GM6001
inhibitor is indicated. Error bars are standard deviations in x and y. b
The presented data depict the same cells as in (a), but visualized
through the YPet channel
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domain FLIM. The increased discrimination provided by
phase differential enhancement allowed us to visualize
subtle, but physiologically significant, signal changes from
the MT1-MMP sensor in live cells, even when a direct
polar plot analysis yielded only slight changes in the polar
coordinates. With phase differential enhancement, we were
able to visualize better the two conformations of the
biosensor and highlight differences between its conforma-
tions directly in the image. By combining FLIM and FRET,
this precise visualization of MT1-MMP activity in live cells
should advance our insight into the complex function of
MT1-MMP and its role in regulating cancer invasion.

When the FRET-based MT1-MMP biosensor was intro-
duced into the HT1080 and HeLa cells, the measured
changes in the coordinates of our biosensor on the polar
plot were diminished when examined globally or using
various regions of interest within the cells, as compared to
the corresponding measurements taken in vitro. The differ-
ences between the measured data taken from the live cells
and the in-vitro data likely stem from environmental
differences (specific to each cell type) [59–62], auto-
fluorescence from the cells, indiscriminate proteolytic
activity and imperfect expression of the biosensor. For

example, when the conformations of the MT1-MMP
biosensor were measured in the HT1080 cells as a function
of the inhibitor (GM6001) treatment, almost no change in
polar coordinate was detected in the ECFP channel.
However, there was a definite change in the polar
coordinate observed during the same experiment in the
YPet channel. Therefore, the data collected in the ECFP
channel indicated a high background of cell auto-
fluorescence perhaps combined with a large population of
unpaired ECFP, particularly when the cells were treated
with GM6001 inhibitor preventing cleavage of the bio-
sensor. Despite being small, the variations in polar
coordinates measured in both cell types (HT1080 and
HeLa) paralleled the trends in the in-vitro measurements
which indicated a conformational change in the biosensor.

Of course, the quality of a phase differential enhance-
ment analysis relies on the accuracy of the phase shift,
which is directly measured in our frequency-domain FLIM
experiment. As with all optical signals, visible contrast
between pixels with different phase delays obtainable by
phase differential enhancement is only possible within
limits of signal to noise and instrument stability. If these
conditions are satisfied, we have shown that phase differ-

Fig. 6 Examination of the MT1-MMP biosensor transfected into
HT1080 cells using phase differential enhancement: a The average
intensity of each phase image taken of the MT1-MMP biosensor in
HT1080 cells treated with (intact biosensor with FRET, black, n=5) or
without (cleaved biosensor without FRET, light gray, n=5) GM6001
for 12–18 h are shown as measured through the YPet channel. The
corresponding fits used to extract the phase delay and modulation ratio
for homodyne detection are also plotted. b The bar graphs show the

average intensity differences/DC offset of the MT1-MMP biosensor
HT1080 cells treated with (intact biosensor with FRET, black, n=5) or
without (cleaved biosensor without FRET, light gray, n=5) GM6001
for 12–18 h after the phase image #7 was subtracted from that of #2
(P7-P2). The error bars represent standard errors. c This representative
cell image resulted from the phase differential enhancement in the P7-
P2 group
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ential enhancement is a useful analysis to highlight small
changes in two conformations of our biosensor, which may
be more difficult to visualize using more standard methods,
such as a direct polar plot analysis or iterative lifetime
fitting. In addition, the data acquisition time is significantly
reduced in simple phase differential enhancement, which
allows faster measurements when observing changes in live
cells.

When the biosensor was transfected into HT1080 cells,
the results presented here show that the biosensor can
monitor changes in the activity of MT1-MMP in response
to the established MMP inhibitor GM6001. This set of data
can potentially lead to assays where the MT1-MMP
enzyme could be activated by the removal of the inhibitor.
As a result, the kinetics of the biosensor may be able to be
monitored following the activation of MT1-MMP and
spatiotemporal information about the enzyme could be
derived in settings approximating those found in tissues.
However, the incorporation of new FP variants with
improved characteristics for FLIM-based FRET studies,
such as Cerulean [63] or the teal FP (mTFP1) [64], will
improve the ability of FLIM-FRET for resolving changes in
the conformation of intracellular biosensors in single cells.
In addition, the recent developments of long wavelength
fluorescent proteins that absorb and emit light at wave-
lengths greater than 500 nm can further enhance the
contrast in FLIM-FRET imaging by reducing auto-
fluorescence and providing greater changes in FRET
efficiencies [65, 66].
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Appendices

Although the derivations of frequency-domain methods
[26, 28, 29], the polar plot [44, 49, 50] and homodyne
detection [26, 27, 30, 31, 33, 34] have been presented
elsewhere, the following appendices are provided here to
assist the reader.

Appendix A: Frequency-Domain Lifetime Measurements
for Systems with Sets of Discrete Lifetimes

The fluorescence response of a sample with more than one
lifetime component that is illuminated with a very short
excitation pulse is described by Fδ(t),

Fd ðtÞ ¼
X
i

aie
�t
ti ðA:1Þ

The fluorescence emission of each component with
species fraction (ai) decays with a lifetime (τi).

The fundamental fluorescence response from a multi-
component sample excited by excitation light E(t) repeti-
tively modulated at radial frequency ωE, arises from the
convolution of the Fδ(t) with E(t) to give the resulting
function S(t),

SðtÞ ¼ Eo

X
i

ait i þ Ew

X
i

ait iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ wEt ið Þ2

q cos wEt � ϕF
i � ϕE

� �� �

ðA:2Þ
The measured modulation depth (the AC amplitude) of S

(t) and its phase delay relative to E(t) are dependent on all
the separate lifetimes of the sample and the frequency of
light modulation. The phase delay and modulation ratio of
the multi-component fluorescence response are defined and
calculated as in Eqs. 3 and 4 of the text; however, there is
no simple relation between phase and modulation and the
fluorescence lifetimes.

In the analysis of frequency-domain data, S(t) is
normalized by the DC fluorescence, Eo

P
i
ait i, which

normalizes the measurement for the sample concentration
and brightness.

Appendix B: The Polar Plot

The analysis of S(t) on the polar plot begins by normalizing
S(t) by its DC offset yielding the function S(t)/SS (SS =
steady-state intensity averaged over a complete period of
oscillation, which can be referred to as the DC offset),

SðtÞ
SS

¼ 1þ Ew

Eo

X
i

aiMi cos wEt � ϕið Þ ðB:1Þ

In this equation, (αi) is the fractional contribution that
each lifetime component (i) has to the measured steady-
state intensity,

ai ¼ ait iP
i
ait i

ðB:2Þ

This function S(t)/SS can also be described by Eq. (B.3),
where (M) and (ϕ) are the measured modulation ratio and
phase delay of the fluorescence signal due to all the
contributing fluorescence components.

SðtÞ
SS

¼ 1þ Ew

Eo
M cos wEt � ϕð Þ ðB:3Þ

A simple re-arrangement of terms will then lead to
following two equations,

Eo

Ew

SðtÞ
SS

� 1

� �
¼ M cos wEt � ϕð Þ ðB:4Þ
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Eo

Ew

SðtÞ
SS

� 1

� �
¼

X
i

aiMi cos wEt � ϕið Þ ðB:5Þ

The coordinate transforms of the polar plot stem from
the equivalence of Eq. (B.4) and Eq. (B.5). By applying a
trigonometric identity, Eq. (B.4) can be written as,

M cos wEt � ϕð Þ ¼ M cos wEtð Þ cos ϕð Þ þM

� sin wEtð Þ sin ϕð Þ ðB:6Þ
Taking Eq. (B.6), the M cos (ωEt) cos (ϕ) term is in

phase with the excitation light’s modulation, and the M sin
(ωEt) sin (ϕ) term is out of phase with (orthogonal to) the
excitation light’s modulation. Thus, M cos (ωEt−ϕ)can be
represented on a Cartesian [x,y] coordinate plot: this is
called the polar plot. We only need to consider the
amplitudes of the in-phase and out-of-phase components,
which can be represented as a vector,

x ¼ M cos ϕð Þ ðB:7Þ

y ¼ M sin ϕð Þ ðB:8Þ
Likewise, any term (j) in the sum in Eq. (B.5) can also

be re-written as shown below,

ajMj cos wEt � ϕj

� �
¼ ajMj cos wEtð Þ cos ϕj

� �
þ sin wEtð Þ sin ϕj

� �� �

ðB:9Þ

By applying a similar argument, each constituent life-
time of a measured multi-component lifetime can be
represented as a vector on the polar plot. In this case, the
resulting vector is weighted by the fractional contribution
of lifetime (j) to the steady-state intensity (αj).

Therefore, since
P
i
aiMi cos wEt � ϕið Þ ¼ M cos wEt � ϕð Þ,

one can see that the vector on the polar plot describing
M cos wEt � ϕð Þis the sum of the vectors of each lifetime
component (i) weighted by its corresponding fractional
contribution to the steady-state intensity (αi).

Appendix C: Homodyne Detection for Measuring Lifetimes
in the Frequency Domain

The acquisition of the phase delay and modulation ratio
reflected by the lifetimes in the frequency domain is often
accomplished by mixing the intensity-modulated fluores-
cence response of the sample S(t) with a harmonic signal
injected in the detector G(t),

GðtÞ ¼ Go þ Gw cos wG þ ϕGð Þ ðC:1Þ

The signal that acquired by the detector is product of S(t)
and G(t). This multiplication results in a DC offset term,
several high frequency terms (with frequencies ωE, ωG and
ωG + ωE) and a term oscillating at a frequency equal to
difference between ωG and ωE, as shown below,

GðtÞSðtÞ½ � ¼ GoEo
P
i
ait i þ GoEw

P
i

ait iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ wEt ið Þ2

p cos wEt þ ϕE � ϕF
i

� �þ GwEo
P
i
ait i cos wGt þ ϕGð Þ

þ GwEw
2

P
i

ait iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ wEt ið Þ2

p cos wG þ wEð Þt þ ϕG þ ϕE � ϕF
i

� �þ cos wG � wEð ÞÞt þ ϕG � ϕE þ ϕF
i

� �� � ðC:2Þ

The homodyne detection method included in this paper
applies a signal to our detector that has the same frequency
as the waveform which modulates the intensity of the
excitation light (ωG = ωE). When averaged for times in the
millisecond range, the high frequency terms in [G(t)S(t)],
go to zero and consequently, the terms that remain have no
time dependence,

GðtÞSðtÞ½ �LF;Homo ¼ GoEo
P
i
ait i

þ EwGw
2

P
i

ait iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ wEt ið Þ2

p cos ϕG � ϕE þ ϕF
i

� �

ðC:3Þ

To define various points on this sinusoid (Eq. (C.3)) so
that the modulation ratio and phase delay indicative of the
sample can be found, the phase of the detector (ϕG), is

changed through a set of angles over a full period of cosine.
All other parameters are kept constant throughout the
acquisition. Hence, the varying phase of G(t) applied in
this process is often written relative to the constant phase of
E(t) as (ϕE-ϕG). The intensity of the sample ([G(t)S(t)]LF,
Homp) is then collected at each phase sampled in the
detector. A fitting, normalization to the DC offset and
comparison to a known reference standard are then
performed on the data collected by homodyne methods to
determine the phase delay and the modulation ratio of the
sample.

In this paper, [G(t)S(t)]LF, Homp refers to a discrete
intensity collected for a single pixel in a lifetime image or
something similar to a cuvette-based sample in a fluorom-
eter. The entire lifetime image containing these types of
curves at each pixel is denoted by D(ϕE-ϕG) as shown in
Supplemental Figure 1.
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