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ABSTRACT 

In view of a pharmacological test system with living cells we examined Förster Resonance Energy Transfer 
(FRET) between fluorescent proteins upon Total Internal Reflection (TIR) of a laser beam. We measured in 
particular HeLa cells expressing membrane associated EGFR-CFP and Grb2-YFP prior to and subsequent to 
stimulation with the epidermal growth factor EGF. In addition, HeLa cells expressing a membrane associated 
Green Fluorescent Protein (HeLa hFR-GPI-GFP) were incubated with the energy acceptor Nile Red for further 
validation. Measurements range from fluorescence microscopy to Fluorescence Lifetime Imaging (FLIM) of a 
larger number of samples in a TIR reader. 
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1. INTRODUCTION 

Measurement of Förster Resonance Energy Transfer (FRET)1 between a donor and an acceptor molecule 
(intermolecular FRET) or between different chromophoric groups of a larger molecule, e.g. a protein 
(intramolecular FRET), has become a valuable tool for probing either molecular interactions or conformational 
changes in the nanometer range. The method is based on optical excitation of a so-called donor molecule and 
interaction of optical transition dipoles with an acceptor molecule, which is able to fluoresce. Due to an impact 
of chemical or pharmaceutical agents the FRET technique is applied increasingly in biosensors and drug 
discovery systems25. FRET measurements of living cells have been reported for about 30 years6,7, but only 
recently their plasma membranes were assessed selectively, e.g. upon total internal reflection (TIR) of a laser 
beam with an evanescent electromagnetic field penetrating a small distance into the cell (for a review see Ref. 8). 
Selective examination of the plasma membrane and adjacent cellular sites excludes superimposing signals from 
the cytoplasm or the supernatant and permits measurements at the interface of a cell with its environment 
including interactions of molecules with ion channels9, 10 as well protein-protein interactions, which may play a 
role in the pathogenesis of diseases1113. While TIR-FRET measurements reported in the literature are commonly 
focused on small molecular assemblies or even single molecules, it is our aim to develop a test system, which is 
appropriate for larger cell collectives using high content or even high throughput screening techniques. 
Therefore, high transfection rates, larger numbers of fluorophores as well as specific microscope and reader 
technologies are required. We tried to assess this goal by setting up a test system with the membrane associated 
Epidermal Growth Factor Receptor (EGFR) fused with Cyan Fluorescent Protein (CFP) and the Growth factor 
receptor bound protein 2 (Grb2) fused with Yellow Fluorescent Protein (YFP) prior to and subsequent to 
stimulation with the Epidermal Growth Factor (EGF). For validation of a multi-well reader system a HeLa cell 
line expressing a membrane associated Green Fluorescent Protein (HeLa hFR-GPI-GFP)14 was used together 
with the energy acceptor Nile Red. In addition to intensity measurements of donor and acceptor 
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fluorescence, fluorescence lifetime imaging (FLIM) of the donor molecule (CFP) was evaluated in the 
nanosecond range. This lifetime  is the reciprocal of all rates of deactivation of the excited molecular state, and 
if for a reference system without FRET a lifetime 0 is determined, the difference between 1/ and 1/0 reflects 
the rate of energy transfer kET according to 

kET = 1/ - 1/0  (1). 

While previous results have been reported in Ref. 15, the present manuscript is concentrated on some recent 
findings prior to and subsequent to stimulation with EGF. 

 

2. MATERIALS AND METHODS 
 

2.1 Cell lines and cell culture conditions  

HeLa Grb2-YFP cervix carcinoma cells and non-transfected control cells were cultivated at 37 °C, 5 % CO2, in 
supplemented RPMI 1640 medium. For TIR fluorescence spectroscopy and lifetime recordings, 500 cells/mm2 
were seeded on glass object slides. Twenty-four hours after seeding, cells were transiently transfected with 
plasmid DNA (EGFR-CFP, 1 μg/object slide). 48 h after transfection object slides were rinsed with Earl's 
balanced salt solution (EBSS, Sigma-Aldrich, Germany), and cells were imaged within the microscope. For a 
further series of experiments HeLa cells transfected with both EGFR-CFP and Grb2-YFP were grown for 72 h 
prior to rinsing with EBSS and fluorescence microscopy. HeLa hFR-GPI-GFP cells were cultivated under the 
same conditions as HeLa Grb2-YFP cells. Prior to experiments Nile Red was added for 10 min. at a 
concentration of 30 µM in phosphate buffered saline (PBS) after 100-fold dilution of a 3 mM acetone Stock 
solution. After incubation with Nile Red cells were rinsed with PBS. 
 
2.2 Fluorescence Microscopy  

Microscopy experiments were performed with a super-continuum fiber laser (SuperK, NKT Photonics, Birkeröd, 
Denmark) emitting a series of pulses of 5 ps duration with a repetition rate of 78 MHz. Emitted laser light was 
selected in the spectral range of 430–450 nm (corresponding to the absorption band of CFP). The laser was 
adapted to the fluorescence microscope (Axioplan 1, Carl Zeiss Jena, Germany) with either a multimode fiber 
and a dichroic mirror (reflecting light at wavelengths λ ≤ 460 nm) for epi-illumination or with a single mode 
fiber for illumination by an evanescent electromagnetic field (penetration depth around 130 nm) with a specific 
device for total internal reflection (TIR)8. In the first case whole cells were illuminated, whereas in the second 
case selective illumination of the plasma membranes and adjacent cellular sites occurred. Measurements were 
performed in an open chamber with a 63/0.90 water immersion objective lens. For fluorescence spectroscopy a 
long pass filter transmitting light above 495 nm was used. Fluorescence spectra of single cells were recorded 
with a polychromator and an image intensifying detection unit (IMD 4562, Hamamatsu Photonics, Ichino-Cho, 
Japan) fixed on top of the microscope. For fluorescence lifetime imaging (FLIM) of the donor an interference 
filter for 475515 nm and a time gated image intensifying CCD camera system (Picostar HR 12; LaVision, 
Göttingen, Germany) with a time resolution of 200 ps were used, as described in detail elsewhere16. 
Fluorescence lifetime images of individual cells were calculated from time-gated images recorded within 400 ps 
when the time gate was shifted over an axis of 8 ns. Conventional color images were recorded with a 
commercially available Canon reflex camera. 
 
2.3 TIR Fluorescence multi-well reader 

A fluorescence multi-well reader for simultaneous TIR illumination of up to 96 samples in a microtiter plate with 
a custom made glass bottom (Optiwhite) has been described previously17. Compared to Ref. 17 the argon ion 
laser was replaced by the super-continuum laser with picosecond pulses at 430450 nm (see Fig. 1). As depicted 
in Fig. 1 the laser beam was split into eight beams, each of which was totally reflected on 12 individual wells. A 
long pass filter for   495 nm and an interference filter for 475515 nm were used to select donor fluorescence 
for FLIM experiments with the image intensifying camera system reported above. A camera objective lens of 
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f’ = 25 mm was used, and a time gate of 700 ps was shifted over an axis of 8 ns. Broadening of the time gate 
compared to fluorescence microscopy was necessary to compensate for some time shift between optical 
excitation of individual wells. 

 

Figure 1. TIR fluorescence lifetime reader for a 96-well microtiter plate. Inset: example of a fluorescence lifetime 
measurement. 

 

3. RESULTS 

3.1 Intermolecular FRET between EGFR-CFP and Grb2-YFP 

In Fig. 2 TIR fluorescence images are depicted for HeLa cervix carcinoma cells stably transfected with Grb2-
YFP and transiently transfected with EGFR-CFP without further stimulation. After optical excitation of CFP we 
recorded blue fluorescence in the spectral range 450-490 nm (Fig. 2, left) and green-yellow fluorescence at 
λ ≥ 510 nm (Fig. 2, right). These spectral images result from the bright emission of donor (CFP) and acceptor 
(YFP) molecules distributed in close vicinity to the plasma membrane. In contrast, fluorescence images in the 
same spectral ranges after epi-illumination of whole cells (insets of Fig. 2) appear blurred and superposed by a 
higher background. Therefore, TIR appears to be an appropriate method to measure both EGF-CFP and Grb2-
YFP fluorescence selectively in live cell membranes with significantly reduced cytosolic background, enabling 
for specific and enhanced detection of FRET and FLIM signals. 

Figure 2. TIR fluorescence images of HeLa cells transfected 
with EGFR-CFP and Grb2-YFP encoding vectors in the 
spectral ranges of CFP (450-490 nm) and YFP ( ≥ 510 nm) 
emission; excitation wavelength: 420440 nm; image size: 
60 µm  60 µm. Insets: fluorescence images after epi-
illumination of whole cells. Reproduced from Ref. 15 with 
modifications. 

For quantitative evaluation of FRET 13 fluorescence 
lifetime images of single cells transfected with EGF-

CFP in absence and 24 lifetime images in presence of Grb2-YFP were used. The median value (with a median 
absolute deviation, MAD) was (3.37  0.41) ns in the first and (2.49  1.89) ns in the second case, thus 
indicating non-radiative energy transfer in the presence of Grb2-YFP, even without stimulation of the cells by 
EGF. After stimulation (with 50 nM or 100 nM EGF for 15 min.) brightly fluorescent YFP spots were observed 
at the edges of the cells, possibly due to enhanced FRET in focal adhesions, as depicted in Fig. 3. It remains to 
be proven whether further changes of the fluorescence lifetime of CFP occur thereby. 
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a            b 

Figure 3. Fluorescence of HeLa cells transfected with EGFR-CFP and Grb2-YFP at   495 nm prior to (a) and subsequent to 
(b) stimulation with EGF (50 nM, 15 min.). CFP fluorescence is characterized by blue-green, YFP fluorescence by bright 

green color. After incubation with EGF cells show brightly fluorescent edges with some focal spots. Image size: 
250 µm  150 µm. 

In Figure 4 a spectral shift of the fluorescence spectrum is observed after stimulation with EGF. Assuming that 
the spectrum is composed by 2 bands around 510 nm (CFP spectrum with the short-wave edge being cut off by 
spectral filters) and 530 nm (YFP spectrum excited via FRET), energy transfer from EGFR-CFP to Grb2-YFP 
seems to be enhanced after stimulation with EGF. 

 

Figure 4. Fluorescence spectra of HeLa cells transfected with EGFR-CFP and Grb2-YFP prior to (upper curve) and 
subsequent to (lower curve) stimulation with EGF (50 nM, 15 min.).  

 

3.2 Intermolecular FRET in a HeLa hFR-GPI-GFP test system using Nile Red as an energy acceptor 

Membrane associated GFP and Nile Red were characterized by their emission maxima around 510 nm and 
630 nm, respectively. FRET imaging occurred in the multi-well fluorescence reader upon simultaneous TIR 
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excitation of up to 96 individual wells. Fig. 5 documents the different fluorescence lifetimes of GFP in 35 
wellsof the microtiter plate prior to (arrays A, E) and subsequent to incubation with Nile Red (arrays B, C, D). In 
the latter case the fluorescence lifetime decreased from about 3.00 ns to 2.20 ns due to non-radiative energy 
transfer (FRET). 

 

Figure 5. Fluorescence lifetimes of HeLa hFR-GPI-GFP cells in the microtiter plate prior to (arrays A,E) and subsequent to 
(arrays B, C, D) incubation with Nile Red (30 µM, 10 min.). 

 

4. DISCUSSION 

We demonstrated the potential of TIR-FRET measurements by fluorescence microscopy and multi-well 
screening. The latter technique (e.g. a 96-well microtiter plate) appears to be of high relevance for drug 
screening experiments. Previously, in a TIR-based FRET reader system fluorescence lifetime has only been 
evaluated for individual wells18. Therefore, simultaneous TIR-FRET imaging of multiple wells, as reported 
above and depicted in Fig. 5, remains to be a challenge for further experiments. However, application of TIR-
FRET imaging, needs sufficiently high transfection rates of membrane associated proteins as well highly 
sensitive time resolving cameras to detect comparably low fluorescence signals with high time resolution. A 
problem of time-resolved FRET experiments may arise from the fact that the excitation light reaches individual 
wells of the microtiter plate with time delays up to one nanosecond between one another. This problem can only 
be overcome, if FLIM is evaluated separately for individual parts of the microtiter plate, or if the number of 
evaluated wells remains limited, e.g. to 7  5, as depicted in Figure 5. 

After successful application of our TIR fluorescence reader for energy transfer measurements between GFP and 
Nile Red, this reader is now ready for FRET measurements between EGFR-CFP and Grb2-YFP. First test 
experiments were performed after direct excitation of Grb2-YFP, resulting in an increase of membrane 
associated YFP fluorescence within 15 min. after stimulation with EGF, thus demonstrating some intracellular 
translocation. Further applications with inhibitors of FRET19 are scheduled in view of designing a test system for 
pharmacological agents. 
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