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Abstract: Two-photon imaging using high-speed multi-channel detectors is a promising
approach for optical recording of cellular membrane dynamics at multiple sites. A main
bottleneck of this technique is the limited number of photons captured within a short exposure
time (~1ms). Here, we implement temporal gating to improve the two-photon fluorescence
yield from holographically projected multiple foci whilst maintaining a biologically safe
incident average power. We observed up to 6x improvement in the signal-to-noise ratio
(SNR) in Fluorescein and cultured hippocampal neurons showing evoked calcium transients.
With improved SNR, we could pave the way to achieving multi-site optical recording of
fluorogenic probes with response times in the order of ~1ms.
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1. Introduction

Optical recording of cellular activity via two-photon (2P) microscopy is now widely used in
neuroscience. With the development of a genetically encoded calcium indicators [1,2] and
bulk loaded calcium-sensitive dyes [3,4] that report changes in intracellular calcium, one can
reconstruct the network connectivity by looking at the correlated activity of neurons. In
addition, there are also genetically encoded voltage indicators [5] and voltage-sensitive dyes
[6] that precisely report the fast changes in the membrane potential allowing one to study the
propagation of action potentials along the dendritic tree of a neuron via single [7-9] and two-
photon excitation [10]. Multi-site fluorescence imaging can be achieved via single-photon
wide-field illumination using a conventional light source, patterned illumination using
holographic projection [11,12] or a micro-LED array [13]. However, using light with a
shorter wavelength has limited penetration depth making it less preferred for in vivo studies of
mammalian brains. Two-photon excitation is highly localized within a tight focal volume and
hence requires additional techniques to position the focus to record fluorescence changes
from multiple sites along the sample.

Multi-site 2P imaging can be achieved by scanning the beam or by holographically
splitting a single laser beam into multiple foci (i.e. one focus per site). In beam scanning, a
diffraction-limited laser focus is scanned along a line or random path using: resonant
mechanical scanners or acousto-optic deflectors (AODs) [14]. The fluorescence signal is
recorded by a single-channel detector (e.g. photo multiplier tube), sequentially. With AODs,
scanning 94 down to 34 sites can be achieved with sampling rates from 180 up to 500 Hz,
respectively [15]. On the other hand, holographic projection technique uses a spatial light
modulator (SLM) to shape the incident beam into different light patterns (e.g. multiple foci)
on the sample plane and the fluorescence emitted from the multiple excitation sites can be
recorded simultaneously using a multi-channel detector (e.g. sensitive complementary metal
oxide semiconductor (SCMQOS) camera or an electron multiplying charged coupled device
(EMCCD) camera) [16-18]. Recently, multi-plane 2P imaging of an intact brain was reported
using holographic projection with a tunable lens [19]. In addition, multi-focal patterns
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generated by an SLM can be sequentially switched using a digital micro mirror device
(DMD) and the fluorescence is sequentially detected using a single-channel detector. With a
high-speed DMD (operated at 16.6kHz, 60us dwell-time per site), the fluorescence signal
from 11 sites can be decoded via S-code matrix (11 sites plus 1 site for background
correction) with a temporal resolution of 0.72 ms (12x60us) [20]. While the combination of
holographic projection and DMD results in the desired sampling conditions, independent
switching of the multi-foci requires placing the DMD at the Fourier plane making it
vulnerable to non-linear photo-damage especially when the laser power exceeds the damage
thresholds of the micro mirrors. Note that the total excitation power required to generate 2P
fluorescence after the objective lens is only a fraction of the power illuminating the DMD,
which is dependent on the relatively low transmission efficiency of the objective lens at near
infrared (NIR) wavelengths.

Holographic projection allows for simultaneous illumination of multiple foci onto the
sample. However, by conservation of energy, the intensity of each focus decreases as the
number of foci is increased [21]. Due to the non-linearity of 2P excitation, the fluorescence
per site drops by ~N . Another factor to consider is the exposure of the sample to the laser
beam. Unlike in beam scanning where the beam’s focus illuminates a point on the sample for
a short dwell time (~100 ns), the multi-foci pattern in holographic projection constantly
exposes the regions on the sample throughout the recording. Increasing the incident laser
power can provide higher fluorescence intensity from each focus but it also increases the
photon flux, which can cause photo-damage of the sample. Thus, there is a need to efficiently
excite fluorescence (via 2P absorption) from each site while maintaining low photon flux to
minimize photo-damage.

An approach to improve fluorescence yield in 2P excitation while keeping a low average
power on the sample is by Triplet-State relaxation via pulse picking from a 80MHz femto-
second laser [22]. Using a much lower pulse repetition rate (~0.5MHz) and with a high peak
power yields brighter fluorescence. Moreover, the ~2us off-state arising from the low
repetition rate allows the fluorophores to relax back to ground state. Bunched pulse single-
photon excitation has also been shown to achieve a similar fluorescence enhancement [23]. In
addition, we have previously reported that 0.8-2.4 MHz gating frequencies show fluorescence
enhancement from 2P raster-scan imaging of neurons while maintaining cell viability [24].

Here, we use temporal gating to improve multi-site 2P excitation [25] and enhance the
fluorescence yield for 2P functional imaging using a multi-channel detector. This allows for
simultaneous projection of parked excitation foci while keeping the average power per focus
minimal. By temporally gating the incident laser at frequencies of 0.8 and 1.6 MHz, we
observed up to 6-fold higher signal-to-noise ratio (SNR) from temporally gated beam using a
CMOS camera with 60% quantum efficiency. This improvement in SNR was also observed
with triggered calcium activity in neuronal culture. Incorporating temporal gating with
holographic projection can potentially be applied for high-speed (~1kHz) 2P functional
imaging of cell membrane dynamics where the detection is shot-noise limited.

2. Theory

Multiple foci in a single z-plane are generated using prism phase maps encoded on the SLM
[26]. Previously, it has been shown [21] that the input power of a Gaussian beam, P;,, before
phase modulation is distributed to N number of foci, and the power of each foci, P(r) is given

by:
R
P(r)= 5(r)W @

where J(r) is a radially symmetric measure of the first-order diffraction efficiency and r is the
radial coordinates of the multiple foci at the Fourier plane measured with respect to the zero-
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order or the undiffracted beam at the optical axis. The 2P fluorescence, F(r), generated from
each focus at distance r is given by:

F(r)=aP(r)’ @

where a accounts for all the relevant quantities (e.g. dye concentration, 2P cross-section,
numerical aperture of the focusing lens, etc) for generating two-photon fluorescence from a
single foci [27].

With a temporally gated beam, we set an incident beam with an “on” state within a bunch
width, 7, while the “off” state is given by fx * — 7, where fg is the gating frequency. From (2),
the time average 2P fluorescence per foci, <F(r)>, within an exposure time, T,, is given by

(F() == [ Foat

—k :Ti( j(j“ F(r)dt+ jfl F(r)dtj ©)
= f.(r-F(r))+0

where k = T,f is the number of gating cycles within T, assuming fx* < T,. The fluorescence
from temporally gated beam observes a linear relationship with the duty cycle, zfx .

Prior to holographically dividing the beam, the laser is temporally gated and from
conservation of energy, the time-average laser power, <P,.>, (within fz™*) of the temporally
gated beam is given by:

(P

out

)T =7(P.) @

where <P;j> is the average power within the “on” state, z, used for generating 2P
fluorescence. For an ungated beam, 7 = fz %, setting <Py, = <P;,>. On the other hand, for z
<< fg ! then <Py> << <P;,>, which results in a low average power but with high <F(r)> set
by <P;,>. Therefore, within the exposure time T, the average excitation laser before
holographically dividing the beam is <P,> and its relation with <F(r)> is derived by
combining Egs. (3) and (4) arriving at

<F(r)>:a(ij{5(r)%}z. )

7 f,

Because of the non-linear relationship of the fluorescence with the input power <P;,>
described in (2), we see an improvement in the fluorescence by a factor of 1/(zfR). In the
experiments, we enhance <F(r)> by maintaining <P,,>/N and setting f; to 0.8 MHz and 1.6
MHz whilst keeping = = 140ns. We also set T, within the maximum allowable exposure
(sampling) time of the camera.

We measure the improvement in the fluorescence yield by the SNR. The SNR(r) at each
site is given by

SNR(r)=(F(r))/ o (6)

where <F(r)> was measured from the camera’s gray level (8-bit) readings after background
subtraction and o = (oon° + Oof® )1’2 is the quadrature of the standard deviation of the
fluorescence, a,n, and the dark noise, oo, assuming a normal distribution.

The calcium activity is visualized with the relative change in the fluorescence, which is
calculated as
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AF _F()—~(R)
F B <Fb>max

where <F,>,.. is the baseline fluorescence just before the first triggered fluorescence activity,
<Fy>nax IS the maximum of the pooled baseline fluorescence from all sites.

U]

3. Materials and methods
3.1 2P holographic microscope

We constructed a holographic 2P microscope for multi-site functional calcium imaging
shown in Fig. 1. The system utilizes a femtosecond Ti:S laser (Coherent MIRA 900 pumped
with a 12W Coherent Verdi G) for 2P excitation set at wavelength, 4 = 800 nm. The laser is
gated using an acousto-optic modulator (AOM, AA Opto ST110-Al1-B4) driven by a radio
frequency driver (AA Opto MODA110-B4-33) with z = 140 ns pulse width and fg set to 0.8
and 1.6 MHz. Our choice of repetition rates were decided from prior work [24], which
showed negligible phototoxic effect on the cell membrane. The laser beam is expanded 4x
(L2/L1 = 200mm/50mm) and projected to a reflective phase-only SLM (Meadowlark Optics
XY-512). A half-wave plate is placed before the beam expander to align the beam
polarization with the preferred polarization angle of the SLM to achieve the maximum
diffraction efficiency. The SLM is encoded with a phase-only hologram, which shapes the
beam’s wavefront to produce multiple foci at the Fourier plane of lens, L3(f = 150 mm). Lens
L4(f = 300 mm) and the objective lens (OL, Carl Zeiss 20x, NA = 1.0) form a 4f lens
configuration to image the Fourier plane (of L3) to the sample plane of the OL. A dichroic
mirror, DM1(Thorlabs FM202), reflects the NIR excitation laser towards the OL while
transmitting the collected fluorescence towards L5 and the camera. A shortpass filter
(FES700, Thorlabs) was placed before the camera to further filter the laser beam. The
fluorescence signal was imaged using a 200 mm tube lens(L5) and on to a CMOS camera
(Thorlabs DCC3240M) with quantum efficiency of ~60% at A = 550 nm. We also

incorporated
CMOS Nr (FES700)

> DM1

Electrode

Current

M2 plate .
p >\ Stimulator

AOM

Ti:S SLM

Fig. 1. The holographic two-photon microscope for multisite fluorescence monitoring using a
CMOS camera. Multi-site fluorescence imaging is achieved by holographically splitting the
laser into multi-foci using a spatial light modulator (SLM). The laser is temporally gated with
an acousto-optic modulator (AOM), to enhance the fluorescence yield from the multi-foci.
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a single-photon epifluorescence path consisting of: a blue light emitting diode (LED)
operating a A = 470 nm (Thorlabs M470L3), lens(L6, f = 125 mm), and a dichroic mirror
(DM2, Thorlabs DMLP490R). Due to slight systematic optical misalignments in the optical
train, we encoded aberration corrections (2nd order Astigmatism Z(2,4) = 8 and Spherical
aberrations Z(0,4) = 6) into the SLM to achieve the maximum fluorescence signal.

3.2 Calibration with Fluorescein dye

We prepared 10 mM of Fluorescein dye solution in a 100 um-thick well mounted on a glass
slide to demonstrate the relationship described in Eq. (5). The holographically projected
multiple foci were positioned at the sample plane. The fluorescence was captured at 20
frames per second with 50 ms exposure time. The camera was set at 3.0x sensor gain, 2x2
binning, 120 black level offset and a region of interest (480x336 pixels) covering the area
where the spots are projected. The fluorescence images as a function of time were analyzed
using ImageJ (National Institute of Health). Within each image, we selected 5x5 pixels to
measure the average grey levels of each focus as a function of time. Further analysis of was
done in Matlab (Mathworks). The signal to noise per spot (SNR) was determined for ungated
and temporally gated beam (0.8 and 1.6 MHz) from 2 to 6 mW average power per site.

3.3 Preparation of cultured hippocampal neurons

Preparation of cultured primary hippocampal neurons was performed in accordance to the
protocol approved by the Australian National University Animal Ethics committee.
Hippocampal tissue was dissected and dissociated from the brains of post-natal day 1-2 rats
(Wistar). The tissue was then incubated in dissociating Papain solution at 37 °C in a water
bath for 20 min. It was then triturated, incubated in DNAase solution at room temperature for
10 min, followed by resuspending in the plating medium (Dulbecco’s modified Earl’s
medium supplemented with 10% fetal bovine serum, 1% L-glutamine, 1% penicillin-
streptomycin and 1% B-27 supplement). The cells were then plated onto the pre-treated, poly-
L-lysine coated glass coverslips and allowed to grow in an incubator at 37 °C and 5% CO..

3.4 Calcium imaging on cultured hippocampal neurons

Temporal gating was applied to image calcium activity of primary hippocampal neuronal
cultures (Days In Vitro, DIV26). On the day of imaging, the cultures were bathed in 10 uM
Cal-520 (AAT Bioquest, CA) in culture medium for 15 mins. The cultures were then washed
with culture external medium, consisting of (in mM): 125 NaCl, 3 KClI, 2 CaCl,, 1 MgCl,, 25
HEPES and 10 D-Glucose, for 30 mins.

To determine the locations of the neurons, the sample was first imaged with the single-
photon epifluoresence path of the microscope. Neurons were identified as elongated cells
about 10 um in diameter and exhibit higher levels of baseline fluorescence compared to their
glial neighbours. Based from the wide-field image, eight foci were positioned on the somas
and dendrites of the neurons. An extracellular bipolar electrode was placed near the recorded
region to stimulate neuronal activity and correspondingly trigger calcium transients from the
neurons. A train of current pulses (15 pA, 100 ms pulse at 0.5 Hz) was delivered by a custom-
built current stimulator. The stimulator and acousto-optic modulator were triggered using a
digital acquisition (DAQ) device (PCI-6363, National Instruments). The fluorescence from
the holographically projected sites was captured at 20 Hz (50 ms exposure time) for 10
seconds with the CMOS camera. The relative change in fluorescence was calculated using
Eqg. (6) and it was then filtered with wavelet denoising (first order dbl wavelet, Matlab).

4. Results

We first compared the fluorescence yield of eight holographically generated foci of
temporally gated and ungated beam incident in a chamber with Fluorescein dye for a preset
average power per site. A time-series and histogram of the fluorescence at <P,,>/N = 2 to 6
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mW for temporally gated and ungated beam are shown in Fig. 2(a). Note that <P,,>/N is an
approximate measure of the average power per focus. Also note that the spread of <F(r)>
measured for each <P,,>/N takes into account differences in excitation average power per
focus due to 4(r) in (1). Figure 2(b) shows the relationship of the fluorescence with <P, >/N
in a log-log plot with base 2. The slopes (1.9 + 0.1, 1.79 + 0.08, 1.82 + 0.05 for 0.8MHz,
1.6MHz, and ungated beam, respectively) are in good agreement with a two-photon excitation
process (slope = 2.0). The fluorescence signals from 0.8MHz and 1.6MHz temporally gated
beam were 6.7(P < 2E-16) and 3.7(P < 2E-16) fold higher compared to the ungated beam.
Using chi-square goodness of fit test (at 5% significance level of rejection, Matlab), we
verified that 93%(167/180) of the fluctuation in the fluorescence followed a normal
distribution. This indicates that Gaussian statistics can be used to describe the fluctuations in
the fluorescence. It was observed that the standard deviation showed a weak correlation (max
slope 0.17 + 0.02, ungated beam) with power, which may be due to the laser noise. Next, we
determined the pooled ratio SNR of the temporally gated beam with respect to the ungated
beam shown in Fig. 2(d). We observed 6.6 + 0.1 and 3.9 = 0.1 fold increase in the SNR for
0.8 and 1.6 MHz, respectively.

a 0.8 MHz
128 PN 3mW 4mwW 5mW [ 6 mW o
=2mW
E sy 1.6 MHz
z., -
A-\ ’ g
=
h- mhprant gt
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8 -
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Fig. 2. (a) Sample time-series across <Pq,>/N ~2 to 6mW for ungated and temporally gated
beam and sample negative images of the fluorescence from the holographic sites at <P>/N =
4mW, (b) The plot of fluorescence of each site with power, (c) The fluctuations of the
fluorescence with power (d) The pooled SNR of each site for gated beam (fz = 0.8 and 1.6
MHz) relative to the SNR of the ungated beam (U).

We then applied temporal gating for imaging calcium activity of cultured hippocampal
neurons loaded with Cal-520 AM dye. Triggered activity was evoked by applying a train of
current pulses using an extracellular bipolar electrode near two neurons of interest (see Fig.
3(a)). Eight foci were positioned at the somas and dendrites of two neurons. Site one was
placed outside the two neurons and its fluorescence was used to subtract the correlated noise
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with the other sites. The raw traces in Fig. 3(b) shows that the temporally gated beam yielded
higher fluorescence than the ungated. In addition, triggered calcium activity was observed. A
sample trace of the triggered calcium activity with 0.8 MHz temporally gated beam is shown
in Fig. 3(c). Except for site 4, the six other sites showed fast fluorescent transients (~500ms
time constant) that were well timed with the current stimulus (see Fig. 3(c)). The pooled SNR
(48 samples from <P,,>/N ~3, 4, and 6 mW) increased by 3.9 + 0.4 (P =3E-12) and 3.7 £ 0.3
(P =5E-12) for 0.8 and 1.6 MHz temporally gated beam, respectively (see Fig. 3(d)).

a c d
8 Prrn AN
7 1() %%
S oratorinel et~
14
shoaNr 3
3
3 A P LY E 6
= Z 4
= ZM w
~—
% 2
N —
lg stimulus 0 0.8 1.6 u
2s S (MHz)

Fig. 3. (a) Epifluorescence image of the neuronal cultures loaded with Cal-520 dye with the
positions of the eight holographically projected two-photon sites. (b) A sample time-series plot
of the fluorescence of each site for ungated and temporally gated beam at 4mW average power
(c) The relative change in the fluorescence under 0.8 MHz and 4 mW temporally gated beam
(d) The pooled SNR ratio of the temporally gated beam relative to the ungated beam. The scale
bar is 50pm.

5. Discussion

We increased the fluorescence yield while maintaining a low average power on the sample
from holographically generated multiple foci by modulating the 80 MHz femto-second pulses
with an AOM driven at 0.8 and 1.6 MHz gating frequencies. The AOM dumps the beam at
the off-states thereby throwing away most of the laser power. This puts an upper limit to the
laser power and consequently the number of foci that can be generated. Alternatively, one can
use an expensive regenerative amplifier (RegA) which is capable of delivering 200 kHz pulse
repetition rate without significant loss of average power [28]. However, a RegA operates at a
pre-set wavelength adding complexity when tuning the excitation to different wavelengths.
Nevertheless, temporal gating with an AOM and a femtosecond pulse laser (e.g Ti:S) with an
average output power of >2W presents a flexible alternative to achieve enhancement in
fluorescence.

The increase in fluorescence with temporal gating translates to improvements in
penetration depth, SNR, and reduction in photo-damage. Increasing the 2P fluorescence yield
from the multiple foci leads to a higher average SNR. Since information is derived from the
changes in the fluorescence of these foci, it is important that each focus reliably excites the
fluorogenic probe within the focal volume. Temporal gating allows the excitation of parked
multiple foci without inducing noticeable cell damage. Our results showed up to 6.6 fold
increase in the fluorescence yield with temporally gated beam while observing triggered
calcium transients from the neurons. The boost in SNR with temporal gating is consistent
with that observed in triplet-state relaxation illumination [22,23].

Although we have not looked at penetration depth through a scattering medium in this
particular work, previous reports were able to image deeper with lower repetition rates by a
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factor of 2.0x (40pum/20pum, fr = 1.2 MHz) in brain slices [24] and ~1.4x (860pum/600um, fr =
200 kHz) in living intact brain [28]. However, one potential limitation of parallel detection of
the 2P multi-site fluorescence is the cross talk from scattered fluorescence from each focus
especially when imaging through deep opaque tissue. To avoid the cross talk, the minimum
distances between the various foci needs to be calibrated, as it will be dependent on the
degree of light scattering. Our future work will to look into the application of our technique
through a scattering medium (or tissue) by calibrating the minimum distances between the
various foci as a function of depth and sample scattering properties. This could limit the
application of our technique to brain tissues of younger rodents as their scattering properties
increases with age.

High fluorescence yield and SNR are crucial for imaging fast changes in fluorescence
(~1ms) such as signals, which correspond to action potentials wherein the number of photons
from fluorescence from the event (4F/F) is low. When imaging with fast fluorogenic probes
(e.g voltage-sensitive indicators), an EMCCD camera can be used and can be set near camera
saturation by applying gain or reducing the frame rate to overcome imaging noise. An
increase in fluorescence from the excitation offers high SNR while maintaining high frame
rates (>1 kHz).
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Fig. 4. Diagram of the relative number of photoelectrons with exposure time for 0.8 MHz (red
line) temporally gated and ungated beam (black line) captured by the CMOS camera, and for
0.8 MHz temporally gated beam using an EMCCD(blue line). The exposure time can be
reduced down to 7.58 ms (red broken line) with 0.8 MHz temporally gated beam for collecting
the same number of photo-electrons (No.emwz/Nungaea = 1, horizontal broken line) as that of the
ungated beam at 50ms exposure. Using an EMCCD with temporal gating, the exposure time
can be further reduced to ~0.28 ms (blue broken line).

As a proof-of-principle demonstration, we used a standard CMOS camera (max QE 60%,
3x Gain) to capture enhancement of the fluorescence with temporally gated excitation.
Further improvement can be made at the detection by using a more sensitive camera (e.g
SCMOS or EMCCD). In Fig. 4, we extrapolate how this enhancement in fluorescence
performs with an EMCCD camera, to allow for high-speed detection of fast fluorogenic
probes. Consider the relation of the photo-electrons with time via photoconversion
N(t)~QE-G-photons(t) where G is the electronic gain from the camera. With temporal gating,
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the increase in the number of photo-electrons is due to the higher number of photons
generated from a higher fluorescence yield. Since there are more photo-electrons with 0.8
MHz temporally gated beam with respect to the ungated beam, the exposure time of the
camera can be reduced to collect the same total number of photo-electrons, Nogmrz/Nungated =
1, (see point B in Fig. 4). In this case, the resulting exposure time of the CMOS camera with
the temporally gated beam is 7.58 ms allowing 130 Hz frame rate. Furthermore, if the camera
is replaced with an EMCCD camera (max QE 96%, 50x EM Gain), the relative number of
photo-electrons generated increases by 26.7-fold ([QE-Glemcen/[QE-Glemos) allowing a
much shorter exposure time of 0.28 ms corresponding to 3.6 kHz frame rate (see point A in
Fig. 4) for collecting the same number of photo-electrons as with the ungated beam. By
substituting the CMOS camera with a high (~96% at 550nm and 50x EM Gain) quantum
efficiency Electron-Multiplied CCD (EMCCD), the frame rate can be increased to kHz range
allowing one to capture fast changes in the fluorescence such as action potentials in neurons
with the use of fast fluorogenic probes.

6. Conclusion

We have used temporal gating to enhance the 2P fluorescence yield from holographically
generated multi-foci. With our technique, we were able to achieve higher fluorescence
intensity whilst maintaining a low average power per site. The high SNR observed with the
calcium activity in cultures shows that temporal gating can be applied without damaging the
cells. By substituting the CMOS camera with a high (~96% at 550nm and 50x EM Gain)
quantum efficiency EMCCD camera, the frame rate can be increased to kHz range allowing
one to capture fast changes in the fluorescence such as action potentials in neurons with the
use for fast fluorogenic probes. Temporal gating together with multi-site holographic
projection could provide high-speed multi-site recording of fluorescence fluctuations
corresponding to neuronal activity.
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