Two-photon imaging of multiple fluorescent
proteins by phase-shaping and linear unmixing
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Abstract: Imaging multiple fluorescent proteins (FPs) by two-photon
microscopy has numerous applications for studying biological processes in
thick and live samples. Here we demonstrate a setup utilizing a single
broadband laser and a phase-only pulse-shaper to achieve imaging of three
FPs (mAmetrine, TagRFPt, and mKate2) in live mammalian cells. Phase-
shaping to achieve selective excitation of the FPs in combination with post-
imaging linear unmixing enables clean separation of the fluorescence signal
of each FP. This setup also benefits from low overall cost and simple
optical alignment, enabling easy adaptation in a regular biomedical research
laboratory.
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Multiphoton processes; (180.4315) Nonlinear microscopy.
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1. Introduction

Fluorescent proteins (FP) are widely used as genetically encoded fluorescent reporters in
biomedical research [1]. Over the last few decades, a broad range of FP variants have been
developed, with fluorescence emission from blue to far red [2]. Combinations of FP spectral
variants allow multi-color labeling in the same biological sample, a technique which has been
used in a wide range of biomedical applications, such as multi-color flow cytometry [3],
simultaneous tracking of multiple organelles [4] and/or single proteins [5], super-resolution
structural studies [6], monitoring of protein conformational changes [7, 8], as well as protein-
protein colocalization [9] and interactions [10]. Multi-color FP studies have also enabled the
tracing of neuronal networks [11] and cell colonial expansions [12, 13]. Because they are
strongly expressed in selective organs or cells, FPs provide the most convenient labeling for
live animal imaging [14, 15].

Two-photon fluorescence microscopy (2PFM) offers significant advantages over one-
photon fluorescence microscopy for deep tissue imaging due to its increased penetration
depth and decreased photobleaching [16, 17]. Although it is widely used for live or thick
samples, 2PFM has primarily been applied for imaging one or two FPs at a time [18-20]. In
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order to image more colors, multiple wavelengths are needed to excite FPs with different two-
photon absorption peaks. Conventionally, multi-color 2PFM is realized by tuning a
femtosecond laser sequentially to excite each fluorophore. However, the slow tuning process
(in seconds to minutes) restricts its application to time insensitive experiments [21]. Using
one or two femtosecond oscillators and a coupled optical parametric oscillator (OPO), two or
three distinct excitation wavelengths can be generated [22, 23]. Alternatively, three-color
pulses can also be obtained by second harmonic generation (SHG) of the 1550 nm pump laser
and soliton self-frequency shifts at 1728 nm and 1900 nm [24]. OPO systems are costly,
while fiber-broadened sources can suffer from instability and difficulty with alignment, which
complicates their use in normal biomedical laboratories. Furthermore, the multiple
wavelengths generated in these systems are correlated, which limits flexibility in FP choice.
Another solution is to use oscillators with broad spectral bandwidth, spanning ~one hundred
nanometers or greater [25-29]. The transform-limited pulse of such a broadband laser
normally covers multiple FPs’ excitation spectra [30]. While the use of transform-limited
pulses enables simultaneous excitation of multiple FPs, it does not provide selectivity and
excites them at fixed efficiency ratios. This is undesirable as adjusting relative FP brightness
becomes impossible, and undesirable signals such as autofluorescence can be enhanced. In
order to solve these problems, pulse shaping methods have been developed to tailor the
ultrafast pulses for selective excitation of fluorescent proteins over autofluorescence [25, 27]
and for the selective enhancement of fluorescence from particular fluorophores [31, 32].
Phase-shaping takes advantage of the broad spectral range of ultrashort pulses, controlling the
relative phase between different frequency components to enhance or suppress two-photon
excitation [25, 33, 34]. To illustrate the role of spectral phase in this process, consider the
fluorescence signal S produced after two-photon excitation:

S o« g(e)|E? (o) )

where g(w) is the two-photon excitation spectrum of the fluorophore and |E(2) (co)|2 is the
second harmonic power spectrum of the laser pulse [25, 27, 35, 36]:

E? () = [ do'|E()||E(0-o)|exp{i[p(@) +p(o-o)]} )

The second harmonic power spectrum shows a clear dependence on the spectral phase
¢(w) and illustrates the different frequency combinations available to produce two-photon

excitation. By manipulating the spectral phase, the two-photon excited fluorescence signal
itself can be controlled. The spectral phase can be readily adjusted in a 4f pulse-shaper [37].
Here we use a pulse-shaper based on a Spatial Light Modulator (SLM), which permits the
creation of phase masks that adjust the relative phase of individual frequency components.
Phase masks on the SLM can be changed on a time scale of ~50ms, giving a significant time
advantage over tunable laser systems [37].

We report using phase-shaping of ultrafast pulses to selectively excite three FPs expressed
in mammalian cells. By combining this with post-imaging linear unmixing, we demonstrate
the feasibility of using a single broadband laser and SLM pulse-shaper to achieve three-color
2PFM in live cells. The relatively less expensive price, ease of alignment, and flexibility in
choosing FPs make this two-photon modality attractive for use in many biomedical
laboratories. This method could be readily extended beyond three-color imaging with even
broader bandwidth commercially available Titanium:Sapphire oscillators.

2. Experimental setup

The microscopy setup used in this experiment is shown in Fig. 1. Pulses from a 75 MHz
Titanium:Sapphire (Ti:Sa) oscillator (Femtolasers Synergy), with 80 nm bandwidth centered
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at 790 nm, were phase-shaped by a femtoJock® box equipped with a single-mask 128-pixel
SLM (Biophotonic Solutions Inc., East Lansing, MI). The phase-shaped beam was then sent
into the scan head of a Prairie Technologies modified Olympus BX51W!I upright microscope
for imaging. An Olympus UPlanApo 60x, 1.2NA water-immersion microscope objective was
used to focus onto the sample and collect fluorescence signal. Excitation power at the sample
was approximately 3.5 mW. The signal was then separated from the excitation light and
spectrally split into two PMT channels for multicolor detection. Multiphoton Intrapulse
Interference Phase Scan (MIIPS) [38-41] was used to pre-compensate for dispersion caused
by the microscope optics and achieve a near transform-limited (TL) pulse prior to application
of the desired phase mask.

M1 Ti:Sa Laser

Scan Head M2
=

ii’ ™

PMT2 DM1
Com ]
OBJ
[ | M SLM
Sample M4

Fig. 1. Experimental setup. M1-M5: mirrors, G = grating, CM = curved mirror, SLM = spatial
light modulator, DM1 = 660DCXR dichroic mirror, DM2 = 595DCXR dichroic mirror, OBJ =
60x NAL.2 water immersion objective; SP = 650nm short pass filter.

For 2PFM of multiple FPs, all of the FPs must be able to be efficiently excited by the
broadband Ti:Sa laser and the emission spectra of the FPs should be distinct enough that they
can be separated by filter selection and unmixing processing. To suit our broadband Ti:Sa
laser’s spectral range [Fig. 2(a), long dashed black curve], we chose a yellow FP with a large
Stokes shift, mAmetrine [8], and took advantage of TagRFP/TagRFPt [42, 43] and mKate2’s
[44] strong transitions to excited states higher than S; at shorter wavelengths [19, 30, 45] [Fig.
2(a), dotted green, orange and crimson curves, respectively]. By applying binary spectral
phase masks to the SLM, we created phase-shaped pulses with second harmonic generation
(SHG) spectra centered at 390 nm (the “blue phase-shaped pulse”) and 410 nm (the “red
phase-shaped pulse”), respectively [Fig. 2(b)]. The phase masks were made using prime
number binary phase shaping, with a flat-phase section of 40 nm centered at twice the desired
two-photon excitation wavelength maximum and a semi-random choice of 0 or pi as
described by Comstock et al. [33]. The masks were roughly symmetric around the flat region
(centered at 780 nm for the blue phase-shaped pulse and 820 nm for the red phase-shaped
pulse). Further optimization of the pulse shapes is under active investigation. The red and
blue phase-shaped pulses, as well as TL pulses, were applied to multiple cells in each sample.
The excited fluorescence was split into green and red spectral regions and directed to separate
PMTs. The scanning process was controlled by Prairie Technologies’ PrairieView software.
Final images are averages of 16 scans across the region of interest with pixel dwell times of 4
ps. Image processing and analysis was performed in Matlab.
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Fig. 2. Fluorescent protein spectra and selective excitations. (a) Two-photon brightness (dotted
curves) and fluorescence emission spectra (solid curves) of mAmetrine, TagRFPt and mKate2
are plotted in green, orange, and red, respectively (adapted from ref [30]). We note that
TagRFPt, which was used in this study, is known to have a very similar spectral response to
TagRFP shown here [43, 45]. Normalized spectrum of the broadband Ti:Sa laser is plotted in
black (long dashed curve). The 595DCXR dichroic mirror transform function is plotted in
blue. (b) SHG signal from a p-BaBO, crystal for a TL pulse (dashed line) and two selective
two-photon excitations with SHG centered at 390 nm (blue phase-shaped pulse, blue solid line)
and 410 nm (red phase-shaped pulse, red solid line).

COS-7 cells were plated on three 35 mm tissue culture dishes for 24 hours before being
separately transfected with mAmetrine, TagRFPt or mKate2 plasmids. 24 hours later, cells
were resuspended and mix-cultured in a 50 mm dish for another 24 hours prior to imaging. A
separate set of cells was plated on a 35 mm tissue culture dish, co-transfected with all three
FPs after 24 hours, and cultured for an additional 48 hours. Immediately prior to imaging the
culture media was replaced with pre-warmed Ringer’s Buffer. The water-immersion objective
was submerged directly into the buffer for image acquisition.

3. Live cell imaging

To test whether the TL pulse excites all FPs and whether the two tailored pulses produce
differential excitation for mAmetrine, TagRFPt and mKate2, we imaged a mixed population
of COS-7 cells, in which each transfected cell expressed only one of the three FPs. We first
imaged the sample with TL pulses [Figs. 3(a) and 3(b)]. Taking into account the FP emission
spectra and the dichroic mirror used in our setup [Fig. 2(a)], mAmetrine, TagRFPt and
mKate2 expressing cells were expected to have different fluorescence distributions into the
green or red PMT channels. As expected, the putative mAmetrine cells (solid arrows) have
fluorescence predominantly distributed to the green channel, while the putative TagRFPt cells
(open arrows) have fluorescence evenly distributed to both channels. The putative mKate2
cells (solid arrow head) have fluorescence predominantly distributed to the red channel.
Application of each phase-shaped pulse results in two fluorescence images, one from each
PMT [Figs. 3(c)-3(F)]. As expected, the fluorophores were selectively excited by the different
pulse shapes. [Fig. 3(c) vs Figs. 3(e) and 3(d) vs 3(f)]. The Ametrine cell, with its broad
excitation spectrum, is excited by both red and blue phase-shaped pulses but still appears in
the green PMT channel. TagRFPt and mKate2, however, are preferentially excited by the blue
phase-shaped pulse.
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TL Excitation blue phase-shaped red phase-shaped

»

Y

Green Channel

Red Channel

Fig. 3. Images of two-photon excitation of a mixed sample, in which each mammalian COS-7
cell only expresses one of either mAmetrine, TagRFPt or mKate2 fluorescent proteins. Cells
were excited by the TL (left column), blue phase-shaped (middle column) and red phase-
shaped (right column) pulses. Solid arrows, putative mAmetrine-expressing cells; open arrows,
putative TagRFPt-expressing cells; solid arrowhead, putative mKate2-expressing cell. The TL
pulses create higher image intensities than the shaped pulses do. To avoid saturation, lower
PMT voltages have been applied to lower the fluorescence intensity of ~7 fold. Additionally,
brightness and contrast of panels (a) and (b) have been scaled down ~10 fold to avoid
saturation in display. Scale bar is 20 pm.

4. Linear unmixing

Although phase-shaping enables successful selective excitation of the fluorophores, the
problem remains of how to identify them in complex samples containing multiple cells
expressing different fluorophores. Generally, a dedicated detection channel is needed for each
fluorescent color present [46] — leading to experimental setups that come at significant costs.
An additional problem is the possibility of overlapping emission spectra, allowing signal from
one fluorophore to leak into the detection channel of another [21, 46, 47]. This is potentially a
more severe problem for live tissue imaging setups, in which emission filters are normally
taken away in order to acquire maximal fluorescence signal for deeper light penetration [48].
The existing solution to the problem of separating and identifying different fluorophores is
linear spectral unmixing, which records the emitted fluorescence spectra taken under different
excitation conditions and then treats those spectra as linear combinations of the spectra of

component fluorophores [21, 46, 47, 49, 50]. That is, the equation S =Zi A xR, is solved,

where S is the measured spectrum, A is a constant quantifying the amount of overlap between
component spectra, and R is the reference spectrum of the single fluorophore i [21].

Here we employ a simplified unmixing method [51-53] that avoids the longer image
acquisition time and experimental complexity of acquiring fluorescence spectra. We instead
use two detectors to record the integrated green and red fluorescence for two different
excitation conditions (red and blue phase-shaped pulses) to provide a total of 4 independent
fluorescence images. For unmixing we solve the equation I, =2, C, xN, (i =k), where 1, is

the observed image under imaging condition i containing a mix of fluorophores, Ny is the
unknown intensity of the single fluorophore k, and C; is the constant quantifying the fraction
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of Ng in I,. The constants C are determined individually for each of the fluorophores used
and are based on two parameters, o and B, found from images of reference cells expressing
single fluorophores. The o and [ parameters are ratios of fluorescence signal intensity

. . . L . | |
recorded with different excitation and emission conditions; ¢ = —2ue.CREEN _ bleRED and

red ,GREEN I red ,RED

|
L= tl"“e‘GREE“ = d.CREN \where blue/red denotes the phase-shaped pulse used for excitation

|
and GREEN/RED denotes the short or long wavelength emission detection channel.

These a and B values are then used to calculate the distribution of the total fluorescence
intensity into each imaging condition, summarized in Table 1:

blue,RED red ,RED

Table 1. Constants quantifying the fractions of fluorophores intensity in observed images

GREEN Emission RED Emission
A Q A a
blue phase-shaped pulse X = —ﬂ Y=—"—"—"""—
l+a+pB+op l+a+pB+of
a 2 1
red phase-shaped pulse Z= s D=— """
l+a+pB+op l+a+pB+of

This allows us to solve the matrix equation

X X X \[1A
blue,GREEN A R k|1

Iblue,RED =Yy Yoo Yi I® 3)

| K

| eq,cReEN Z, Z, Z, |
for the unknown image intensity values 1*, 1%, and I¥ for mAmetrine, TagRFPt, and mKate2
fluorescence, respectively. In our unmixing process, we only utilize three images to separate
three FPs [Figs. 3(c)-3(d)]. We purposely neglect the red channel image taken with the red
phase-shaped pulse [Fig. 3(f)] because it has the lowest pixel intensity. This is because the red
phase-shaped pulse only preferentially excites mAmetrine, yet the mAmetrine fluorescence is
barely distributed to the red channel. To smooth shot noise, a Gaussian filter with a radius of
1 pixel was applied to raw images after processing. After background correction, linear
unmixing outputs three images, each of which consists of fluorescent signal from one of the
three FPs. The unmixing results corresponding to the images presented in Fig. 3 are shown in
Fig. 4(a), confirming the putative assignments of the FPs expressed in each cell. The merged
image generated from the linear unmixing results shows nearly pure colors in all cells as
expected [Fig. 4(a), merge]. In addition, we performed the same imaging and unmixing
procedures on cells co-expressing all three FPs. The resulting image, shown in Fig. 4(b)
shows mixed expression of all three FPs, generating a variety of colors as would be expected
for co-expression with varying relative FP concentration.
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mAmetrine TagRFP

mKate2

Fig. 4. Linear unmixing. (a) Signal of mAmetrine, TagRFPt and mKate2 from Fig. 3 (middle
and right columns) is restored in three separate images. (b) Pseudo-colored merge image of a
sample co-expressing all three FPs after linear unmixing. In (a) and (b), mAmetrine, TagRFPt
and mKate2 are pseudo-colored in blue, green and red in the merge image, respectively.
Gamma correction (0.5) was applied to both panels in order to better present the dimly labeled
cells. Scale bars are 20 pm.

5. Discussion and Conclusions

Using a broadband femtosecond laser and ultrafast phase-shaping techniques, we have
developed a two-photon imaging modality allowing selective excitation of three FPs with
distinct fluorescence spectra. By combining this with linear unmixing from two PMT
channels, the fluorescence signal of each of the three FPs was restored with high separation.
With two phase-shaped pulses, a total of four raw images were taken by two PMTSs, which
allows unmixing of as many as four FPs with distinct fluorescence spectra. Addition of more
PMTs would permit either detection of more FP species or improved separation and reduced
noise in the unmixing results [54, 55]. The use of a single broadband laser not only reduces
the overall cost of the system, but also avoids the alignment complications of other multi-
color 2PFM setups, allowing easy adaptation to most biomedical laboratories. Since phase-
shaping provides versatile narrow excitation selectivity within the laser spectrum [33],
selective FP excitation is only limited by the laser bandwidth. Using emerging laser sources
with ultra-broad bandwidths, such as the VENTEON systems (VENTEON Laser
Technologies GmbH), would easily expand our setup to nearly all available FPs [30] with
precise selective excitations [56]. Such excitations could also be tailored to ensure equal
fluorescence signal for the FPs of interest. In addition, phase-shaping may offer reduced
photodamage in some imaging contexts. Depending on sample composition, photodamage
may scale linearly (for example in pigment-rich tissues) or nonlinearly with peak intensity
[57, 58]. Phase-shaped pulses designed for high 2PF signal from the FPs of interest have
lower peak intensities than TL pulses and should provide reduced photodamage in samples
where two and three photon absorption processes are the dominant photodamage
mechanisms.
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