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1. Introduction

Labelling of biological molecules with fluorescence
probes (more generally, photoluminescence probes)
enables molecularly-specific, morphological and
functional imaging. This has become an indispensa-
ble tool in modern biomedical research and practices
[1-3]. Advances in optical imaging techniques and
photoluminescence (PL) probes have enabled the
development of fluorescence microscopy towards
more rapid, sensitive and selective imaging.

Traditional PL probes based on organic dyes suf-
fer from several drawbacks, such as photobleaching,
broad emission spectrum, non-specific chemical reac-
tivity and poor chemical stability [4-6], which limit
the scope of their application towards ultrahigh-sen-
sitivity and single-molecule imaging [7]. There is
continuing interest in developing alternative PL
probes. Fluorescent carbon dots [8], metal nanoclus-
ters [9, 10] plasmonic nanoparticles, upconversion
nanoparticles [11] and nanorubies [12] are some of
the newly developed PL probes. They exhibit excep-
tional optical and physicochemical properties, such
as virtually unlimited photostability, chemical stabi-
lity and colloidal stability. Such PL probes have re-
volutionised fluorescence imaging by introducing
modalities such as super-resolution microscopy using
fluorescent nanodiamonds [13], in vivo optical im-
aging using upconversion nanoparticles [14], and
time-gated microscopy using photoluminescent na-
nomaterials [12].

The time-gated detection makes use photolumi-
nescent millisecond-scale emission, and is realised by
turning on a photoreceiver, following a short time
delay after the excitation source is ended. The ability
to discriminate probes with long PL lifetime from
obscuring, but more rapidly decaying optical back-
ground gives time-gated microscopy a competitive
edge over other methods. It is particularly advanta-
geous when the optical background is such that spec-
tral and other filtering methods are insufficient, as is
the case for biological autofluorescence. The time-
gated photoluminescence (TGP) detection concept is
presented in Figure 1. The signal from a PL probe is
acquired only after the intrinsic fluorescence of bio-
logical matter (autofluorescence) has decayed. The
effectiveness of this technique generally improves
when the PL lifetimes of the probe, zp;, greatly ex-
ceeds that of the autofluorescence, 75,r. A gate time,
At between the excitation pulse trailing edge and the
onset of the emission signal acquisition is therefore
set to satisfy the condition: 7, < At < 7pp. Typical
values of the emission lifetime range from tens of pi-
coseconds [15] to several nanoseconds [16, 17] for
7ap; and from hundreds of microseconds [18] to
milliseconds [12] for zp;. The TGP method (also
termed “time-gated luminescence (TGL)” else-
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Figure 1 Conceptual illustration of normalised temporal
profiles of three main optical signals (excitation, autofluo-
rescence, probe photoluminescence) relevant to the time-
gated photoluminescence imaging.

where) was applied extensively for high-sensitivity
PL probe imaging [19] of cancer cells [20-22] and
pathogens [23, 24]. In this paper, we used “photolu-
minescence” term because it is more accurately de-
scribes the phenomenon. The term “luminescence”
iIs prone to misinterpretation with bioluminescence
or chemiluminescence which is used in the field of
biology [25].

In our earlier work [12], we used a home-built
confocal fluorescence system to attain high sensitiv-
ity imaging of nanorubies. However, this system was
inherently limited in the imaging acquisition rate.
The long photoluminescence lifetime of nanoruby
(znr), demanded dwelling over each pixel for times
longer than zygr. Therefore, it required approxi-
mately 30min to acquire one image sized
1024 x 1024 pixels. Other reported TGP techniques
can either be classified as sensitive or rapid, but not
both. For example, Connally et al. demonstrated the
suppression of the autofluorescent background to
emphasise europium-chelate labelled prokaryotic
parasites using time-resolved wide-field photolumi-
nescence microscopy [26]. Even though their acquisi-
tion rate was very fast (25 frames per second), their
sensitivity fell short from that required for studying
single molecular events. Other TGP schemes featur-
ing modest imaging sensitivities includes work by
Bouccara et al., where the acquisition time of 0.15 s
per image was demonstrated [27]. The fastest TGP
scheme featuring single-particle sensitivity was re-
ported by Zhang et al., and demonstrated the acqui-
sition time of 30s per frame [23]. Another way of
increasing sensitivity without compromising on ac-
quisition speed is by employing probes of high
brightness. For example, tracking of single neuro-
transmitter receptors has been carried out with
quantum dots as the labelling agent [28]. However,
these advantages present drawbacks of cytotoxicity
and blinking as well as poor contrast in a biological
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environment with high levels of autofluorescence
background.

Here, we report a time-gated photoluminescence
system, which enables fast imaging (>0.3 Hz) of indi-
vidual photoluminescent nanoparticles, suitable to
visualise molecular trafficking in cells and biological
fluids. We demonstrate the system performance by
imaging nanoruby (a-Al,O3; nanocrystals doped with
Cr3+). Cr3+ ions give rise to the nanoruby photolumi-
nescence, which is characterised by long emission
lifetime (3.7 ms). Complete recovery of discrete na-
norubies from the background fluorescence of a sub-
strate, a highly fluorescent dye and an autofluores-
cent biological environment is demonstrated, with-
out any compromise on the imaging rate/sensitivity.
Finally, we exemplify a single molecule kinetic bind-
ing assay by a avidin-biotin system, where the ki-
netics of nanoruby binding is monitored in a biologi-
cal fluid.

2. Experimental

2.1 Nanoruby production

Synthetic ruby crystals with dimension approxi-
mately 7cm x 2cm x 1 cm (Henan Union Abrasive
Corp, China) were crushed using a hydraulic press
(Enerpac, US) and sieved through a 63 pm metal
sieve. Dynamic light scattering (DLS, Mastersizer
2000, Malvern Instruments) measurements showed
that the size of the produced microrubies varied
from 1-100 pm. This microruby powder was ball-
milled to produce nanorubies by using an estab-
lished protocol for producing nanoalumina [29].

2.2 Characterisation of nanoruby size and
photoluminescence

15 mg of nanoruby powder was suspended in 1 mL
Milli Q water and sonicated for 30 min followed by
centrifugation for 5 min at 5000 x g. The supernatant
devoid of large particles was collected and diluted
10 times in 1% (w/w) polyvinyl alcohol (PVA) for
spin-coating. 20 pL of nanoruby in PVA was
dropped on a copper grid adhered to a glass cover-
slip (borosilicate glass, BK7, Menzel Glaser) and
spun for 100s at 1500 rpm using a spin-coater
(EC101D, Headway Research Inc.). The sample was
imaged using a transmission electron microscope
(TEM, Philips CM10) operating at an accelerating
voltage of 100 keV.

Dilute nanoruby sample devoid of large particles
was prepared in Milli Q water for colloidal size and

fluorescence characterisation. The mean hydrody-
namic diameter and colloidal dispersion were deter-
mined using DLS (Zetasizer NS, Malvern Instru-
ments). The excitation and emission spectra of sam-
ple placed in a quartz cuvette (Starna Pty. Ltd.,
10 mm path length) were measured using a spectro-
fluorometer (Fluorolog Tau3, JY Horiba).

2.3 The time-gated photoluminescence
(TGP) microscopy system

The system was developed based on an inverted mi-
croscope (Olympus IX71) platform, as shown sche-
matically in Figure 2a. Either an external 405 nm la-
ser (TG_405_1.1, Quantitative Ltd.) or 532 nm laser
(FB-532-1000-FS-FS-1-1-ST, RGB Lase) source was
coupled to an illumination port of the microscope
using Kohler-type optical configuration to produce
near-uniform illumination at the sample plane, as de-
scribed elsewhere [30]. An oil-immersion objective
lens (100x, NA 1.3, Olympus) was used for acquiring
high-resolution images in bright-field, epi-lumines-
cence and time-gated modes. The microscope was
equipped with three interchangeable filter-sets
(Semrock), specified in Table 1. The filter sets con-
tained a laser-line filter, dichroic beam-splitter and
long-pass (and band-pass) filters. Spectral character-
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Figure 2 (a) A schematic diagram of the optical microscopy
system configured for high-sensitivity imaging of nanoruby
samples. A 405 nm/532 nm laser beam was coupled to the
microscope to provide uniform illumination at the sample
plane. The photoluminescence emission from the sample
was collected through optical filters by using an EMCCD.
The laser output and camera exposure were synchronised
for TGP imaging. (b) Timing profiles of the input trigger
signal, laser output and camera exposure during TGP im-
aging. (¢) Magnified temporal sequence of the laser pulse
and camera exposure (At stands for the gate time), for the
region marked in (b) by a dashed rectangle.
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Table 1 Optical filters used in this study.

Filter Excitation Dichroic Emission
set # filter mirror filter
1 650 nm SP*; 660 nm LP**;  (a) 664 nm LP
FF01-650/ FF01-660/ BLP01-664R-25
SP-25 13-25 (b) 689 nm
BPs,
FF01-689/23-25
2 650 nm SP 660 nm LP (a) 664 nm LP
FF01-650/ FF01-660/ BLP01-664R-25
SP-25 13-25
3 - 511 nm LP 450 nm LP
FF511-Di01-
25 x 36

* SP = Short pass filter, ** LP = Long pass filter,
*#* BP = Band pass filter.

istics of filter set #1 are presented in Figure S1 (Sup-
porting Information, SI). An electron-multiplied
CCD camera (EMCCD, iXon 885 DU, Andor Tech-
nology Ltd.) was attached to a detection port of the
microscope. TGP imaging was realised by synchro-
nous operation of the electrically-modulated lasers
and the EMCCD, as shown in Figure 2.

In the case of 405 nm laser, its inbuilt circuitry
was used to modulate its output and for synchroniza-
tion. The pulse width was set at 11 ms, three times
longer than the PL lifetime of nanoruby
(znr = 3.7 ms), to allow steady-state excitation condi-
tion of Cr3+. A short laser trailing edge time constant
is crucial for TGP imaging. We ensured that this was
much less than the gate time (Af ~ 10 ps) to satisfy
the condition 7, < At < 7p. A TTL output from
the laser modulation circuit was used to trigger (in-
put trigger in Figure 2b) a digital delay/dual pulse
generator (DGS535, Stanford Research System Inc,
US). The DG535 generated a subsequent TTL pulse
after a period of Ar ~10 ps following the trailing
edge of the laser pulse, which was used to trigger
the EMCCD image acquisition (Figure 2c). The la-
ser pulses were separated by ~ 70 ms to accommo-
date for the time required for image acquisition and
pixel readout.

When 532 nm laser was used, a field programma-
bale gate array (FPGA, NI PCle-7841R Virtex-5,
National Instruments) was used to synchronise the
laser pulse and image acquisition. The FPGA was
programmed to generate two TTL pulse trains, one
to modulate the laser and another to trigger the
EMCCD with flexible pulse durations, pulse separa-
tion and gating times (At).

The DGS535 (via GPIB interface) and FPGA (via
PCle interface) were controlled via virtual instru-
ments created using LabVIEW. The EMCCD cam-
era was controlled by the Andor SOLIS software,
version 4.22.

2.4 Characterisation of photoluminescence
lifetime

65 pg of nanoruby was drop cast on a coverslip to-
wards photoluminescence lifetime analysis with TGP
using the 532 nm laser source (19 mW continuous
optical power at sample plane, 10 ms pulse duration)
and filter set #2. The gate time, Az, was varied from
0.5ms to 10 ms in 0.5 ms increments to cover the
time scale of nanoruby photoluminescence. The ex-
posure time was decremented by 0.5 ms between
measurements to maintain the sum of exposure and
gate times a constant, at 10 ms. An average pixel
value was obtained for every measurement. The PL
emission within every 0.5 ms time-window was de-
fined as the difference between the pixel values of
the subsequent measurements. 7yg Was estimated by
fitting the time-dependent intensity to a single expo-
nential function, I(f) = I exp (-At/tng) using Origin
(OriginLab Corporation). Here, I, is the signal in-
tensity at Az =0, which was used as a fitting param-
eter. Image analysis was performed using ImageJ
(NIMH).

2.5 Correlative imaging

In order to correlate topography maps and photolu-
minescence images of discrete nanorubies, nanoruby
aqueous colloid was drop-cast on a custom-made
gridded coverslip and dried. Each 50 pm x 50 pm
grid was tagged for easy identification, as described
elsewhere [31]. The topography maps and TGP
images were acquired by using an atomic force mi-
croscopy system (AFM, NT-MDT) and our home-
built TGP system respectively. The peak height of
the nanoparticles were directly obtained from the
AFM data. The TGP image presented here was ac-
quired with filter set #1 and 405 nm laser excitation
with 11 ms pulses and imaged with 10 ps gating time,
100 accumulations and an EM gain of 100.

2.6 Charaterisation of TGP imaging
sensitivity and contrast of discrete nanorubies

20 pL of nanoruby sample prepared in PVA (Sec-
tion 2.2) was dropped on a square glass coverslip
and spun for 100 s at 1500 rpm using a spin-coater.
This coverslip was mounted on a glass slide and
sealed with nail polish for PL (continuous excitation/
detection and TGP) imaging. 405 nm laser was used
at a power of 28 mW continuous power at the objec-
tive, with 11 ms pulse duration and 14% duty cycle.
The electron-multiplication gain on the camera was

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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set to 100, and 40 frames, acquired at Af varied from
0.3 ps to 1000 ps, were accumulated to obtain one
image. The total time taken to generate an image
was 3.2 s [40 x (11 ms laser pulse + 10 ms camera
acquisition + 60 ms camera readout)]. The auto-
photoluminescence background from empty glass-
and quartz- slides and coverslips were also measured
and analysed for evaluating background.

The imaging sensitivity of the microscope to de-
tect individual nanorubies was determined by meas-
uring the signal and background amplitudes ex-
pressed in terms of number of photons per second
per pixel. In our experiments, the sensitivity was cal-
culated using Weber contrast (C), which is defined
as [32, 33]:

Lmax - Lmin

C =
Lmin

(1)
where L., and L. ;, are PL maximum and mini-
mum, respectively. In our case the L., was equal to
the sum of the signal and background, while L,;,
was the background. Therefore Eq. (1) was re-writ-
ten for convenience in our case as:

(S+B)—-B

Oxp="—7p (2)
where, S is signal and B is background. S and B
were calculated by averaging the brightest 10% and
dimmest 10% of all pixels associated with each de-
tected nanoruby spot, after correcting for camera
offset using images acquired in the dark. In the case
of complete suppression of the background, Eq. (2)
reduces to Cyr=S/N, where N represents the
EMCCD noise. Automated particle identification,
intensity level measurements and contrast evaluation
were carried out using image processing toolbox ver-
sion 8.2 in Matlab R2013a or higher versions.

2.7 Nanoruby submerged in fluorescent dye

Nanoruby, devoid of large particles, were prepared
as described earlier and mounted face-down on an =~
1 mm deep well on a glass slide made using nail pol-
ish. This well was pre-filled with 50 pL of a proprie-
tary yellow fluorescent organic dye (L34959, Invitro-
gen), diluted 100 times using Milli Q water. Images
of nanorubies excited by 405 nm laser were acquired
in epi-luminescence and TGP modes with filter set
#1. The laser power at the objective was set to
28 mW (continuous), with a pulse duration of 11 ms
(14% duty cycle). The electron-multiplication gain
on the camera was set to 50, accumulation to 40, and
recursive average set to 5, and acquired at Az =10 ps.

2.8 Cell labelling and time-gated imaging

Mouse pituitary tumour cells (AtT-20) were cultured
in DMEM (containing phenol red) supplemented with
10% FBS, 100 pg - mL-! penicillin and 100 pg - mL-!
streptomycin. Cells were plated on coverslip-bottom
35 mm petri dishes (Cell E&G LLC), and grown for
1 day. On the day of the experiment, cells were serum
starved in Lebovitz-15 (L-15) media (containing phe-
nol red). Nanoruby colloid, devoid of large particles,
was added to the cells at a final concentration of
25 pg - mL-! in L-15, followed by incubation for 2 h.
The cells were washed 3x with L-15 in preparation for
TGP microscopy. Control cell samples not incubated
with nanorubies were also prepared.

Images of the cells were acquired in brightfield
to visualize the morphology and in PL mode to vi-
sualise bound nanorubies. 532 nm laser was used at
a power of 132 mW (continuous wave) with a pulse
width of 4 ms for epi-luminescence or 10 ms for
TGP images. For TGP, At was fixed at 10 ps and a
filter set #1 was used. The camera exposure time
was set to 4 ms for epi-luminescence or 10 ms for
TGP modes, with EM gain fixed at 100. Up to 25
images were collected for each cell at varying z-
planes. These images were projected to form a single
image by maximum pixel value in order to capture
the best focal plane for individual nanorubies.

2.9 Nanoruby bioassay

Glass coverslips on glass-bottom-petri dishes (Cell
E&G LLC) were biotinylated using a mixture of si-
lane-PEG (20 mM, MW = 2 kDa, Laysan Bio Inc.)
and silane-PEG-biotin (2 mM, MW = 3.4 kDa, Lay-
san Bio Inc.) prepared in Milli Q water. The conver-
slips were incubated for 2 hours at 40 °C to facilitate
reliable biotinylation. Avidin (NeutrAvidin, Thermo
Fisher Scientific) was added on the biotinylated cov-
erslip. 1% (w/v) solution of BSA in PBS was used to
block non-specific binding of nanorubies to the sub-
strate/avidin. Biotinylated nanorubies were prepared
at a concentration of 0.2 pg/mL in fetal bovine serum
(Gibco, Thermo Fisher Scientific) and added to initi-
ate binding. Live imaging was carried out by obtain-
ing an image in every 10s. The excitation laser
power was optimised to minimise photodamage of
streptavidin while limiting the compromise on the
acquisition frame rate. For control experiments, the
binding sites were blocked by adding 1 mM biotin
(Sigma Aldrich) to the avidin-immobilised coverslip
prior to adding biotinylated nanorubies.

www.biophotonics-journal.org
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3. Results and discussion

3.1 Nanoruby characterisation

The morphology of nanoruby sample was charac-
terised by TEM. Analysis of TEM images showed a
mean particle diameter of 70 + 40 nm (Figure 3a).
This value was obtained based on individual particle
area measured by the image analysis, followed by
spherical approximation. The mean hydrodynamic
diameter of nanorubies in an aqueous colloid was
measured by DLS as 80 + 20 nm, as shown in Fig-
ure 3b. These values were obtained based on non-lin-
ear curve fitting of the size histograms to the inbuilt
‘Extreme’ peak function of Microcal Origin. The
slight overestimation of hydrodynamic size measured
by DLS with respect to physical size measured by
TEM has been observed previously in other types of
nanoparticles [34]. Aggregation of nanoparticles can
also contribute to the increased hydrodynamic size,
but we mitigated this effect by sonicating the samples
before every measurement.

The PL excitation and emission spectra of the
colloidal nanoruby are shown in Figure 3c. Two
broad excitation peaks centred at 402nm and
557 nm were observed and found identical to the
peaks observed in bulk ruby [35]. A very narrow
emission doublet, featuring two peaks at 690.6 nm
and 692.1 nm, referred to as the R and R, lines, ori-

0l
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Figure 3 Histograms of nanoruby diameters measured by
(a) TEM and (b) DLS. Inset in (a) presents images of 16
representative nanoruby particles. Scale bar, 200 nm. (c)
Emission and excitation (inset) spectra of the as-produced
nanoruby sample. (d) A semi-log plot of the photolumines-
cence intensity of nanoruby as a function of the time after
the laser pulse. The solid line shows a single-exponential fit
with 7yg = 3.7 ms.

ginate from the transitions E — #A, and 2A — 4A, of
the Cr3* colour-centres in ruby [36].

Using the time-gated photoluminescence micro-
scopy (TGP), the PL lifetime of nanoruby, tyg, Was
estimated to be 3.7 + 0.4 ms, as shown in Figure 3d.
This value is comparable to the PL lifetime of bulk
ruby reported elsewhere [37]. As mentioned earlier,
such long lifetime makes nanorubies suitable for the
time-gated imaging. Unlike the other promising PL
nanomaterials, such as fluorescent nanodiamonds
[38] and upconversion nanoparticles [39], nanoruby
photoluminescence has been verified to be unaf-
fected by environmental conditions, with no ob-
served quenching effects [40].

3.2 Single particle sensitivity by correlative
imaging

A sample of discrete nanorubies sparsely dispersed
on a gridded glass coverslip was imaged with our
TGP microscope. As shown in Figure 4 (bottom pa-
nel), TGP imaging revealed a number of discrete
spots. The full wave half maximum (FWHM) of
these spots, dictated by the point-spread function
(PSF) of the microscope optics, was measured as 400
+ 20 nm (Figure 4 inset). In the diffraction-limited
case, the FWHM of the Airy disk intensity profile
would measure approximately 320 nm, whereas our
system exhibited a larger PSF. We interpret this
width broadening to the objective lens aberrations
(probably, uncorrected for the cover slip thickness).
It is possible that the non-zero size of the nanorubies

Intensity (arb)

00 02 04 05 08 10
Distance (um)

Figure 4 AFM (top) and TGP (bottom) images of discrete
nanorubies deposited on a glass coverslip. The correlation
between the AFM and TGP images is apparent, where cir-
cles indicate the corresponding particles matched between
two images. (Inset) Intensity profile of one spot corre-
sponding to a single 30 nm nanoruby (black), overlapped
with a gaussian fit (red). The fit yielded an FWHM of 400 +
20 nm.
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might also explain the increased “apparent” point
spread function of our imaging system. The assy-
metric profile of the recorded lateral PSF pointed to
coma aberrations, which was more profound for off-
centre objects. In order to confirm that these spots
corresponded to discrete nanorubies, we analysed
the same sample area by AFM to measure their
heights at the nanometer scale (Figure 4, top panel).
The TGP and AFM images of the discrete spots clo-
sely matched one another, both with respect to the
positions and signal intensities of the circled parti-
cles. Nanorubies with height as small as 30 nm meas-
ured by AFM were clearly observable in the TGP
image, confirming that the EMCCD-detected optical
signal levels corresponded to individual nanorubies.
For example, a signal level of 280 photons per sec-
ond per pixel corresponded to a single nanoruby
particle of diameter 30 nm (circled), as measured by
the AFM.

(@ . (b)

e 1|
{ ) 404 [ Continuous acquisition
1 [ ITime-gated
530
a |
E20
2] H
oL LI HHHTHHHH T #
0.0 0.5 1.0 1.5 20 25 3.0
Contrast

Figure 5 Optical images of nanorubies spin-coated on a
glass coverslip acquired in (a) epi-luminescence and (b)
TGP modes (At = 1000 ps) respectively using the filter set
#1. Nanorubies appear as dark spots since the image is pre-
sented in an inverted brightness scale. (¢) and (d) are the
corresponding 3D-pseudo-colour plots after normalisation.
The contrast enhancement in the TGP mode is especially
evident in the 3D surface plots. (e) Histogram of the con-
trast values of discrete nanorubies imaged in epi-lumines-
cence and TGP (Ar = 1 ms) modes. Details of image
processing and calculation of contrast are described in Ex-
perimental section.

3.3 Photoluminescence contrast of nanorubies
and the background of glass substrate

Representative PL images of nanorubies spin-coated
on a glass coverslip (Section 2.2), captured in epi-lu-
minescence (continuous excitation/detection) and
TGP modes (At = 1000 ps) are presented in Fig-
ures 5a, b. The contrast of discrete nanorubies (Cyr)
in the epi-luminescence imaging mode was inferior
(~ 25%) to that of the TGP mode (Figure 5e). Ana-
lysis of images acquired at smaller At values estab-
lished that the photoluminescence of the BK7 glass
substrate was a substantial contributor to the back-
ground observe in non-time gated images (B,, where
the subscript ‘s’ denotes substrate). Since imaging of
biological specimens frequently occurs on a glass
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Figure 6 (a) A plot of the average contrast (Cyg) of dis-
crete nanorubies placed on a BK7 glass coverslip, acquired
in epi-luminescence (dashed lines) and TGP (data points
fitted with solid lines) imaging modes, versus the gate time
(not relevant for epi-luminescence imaging). Data sets re-
presented by black squares, red circles and purple triangles
were acquired using filter sets #1, #2 and #3 respectively.
Lines are linear fits. (b) Temporal decay of optical signals
from BK7 glass (open black squares) and quartz (open red
circles) coverslips, expressed in terms of the pixel values.
Solid lines represent single exponential fits.
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slide or glass coverslip, it was worthwhile to investi-
gate the glass substrate auto-photoluminescence and
consider means of its suppression.

We compared spectral and time-gated methods
to minimise B,. Firstly, we attempted spectral discri-
mination. To this aim, three filter sets (Table 1), se-
lected for suppression of a particular spectral range
of By, were tested (Figure 6a). Secondly, we tested
the time-gated discrimination. Here, the gate time,
At was varied to analyse the effect of Af on the con-
trast (Figure 6a). Lastly, we tested a non-auto-photo-
luminescent coverslip and slide made of fused quartz
to reduce B, (Figure 6b).

Figure 6a shows the Cygr of discrete nanorubies
placed on a BK7 glass coverslip, as acquired in the
epi-luminescence and TGP imaging modes plotted
as a function of Ar. The filter set #1 demonstrated
the best performance in terms of Cyg in both acqui-
sition modes, while the set #3 displayed the worst
performance. The filter set #1 transmitted the excita-
tion and emission light with minimum losses; and it
suppressed the auto-photoluminescence from the
glass slide most efficiently, as shown in the transmis-
sion plot of the filter set #1 (Figure S1). The contrast
enhancement in the TGP mode compared to the
epi-luminescent mode was obvious for all three
tested filter sets. The contrast increases with At, with
values of 2.8, 3.5 and 4.4 fold for the filter sets #1, #2
and #3 respectively at Ar = 1000 ps (Figure 6a). Even
though the filter set #3 showed the highest enhance-
ment upon the time gating, the absolute contrast was
the highest when using the filter set #1.

The PL lifetimes of the empty BK7 glass and
quartz substrates, spectrally filtered by the filter set
#1, are shown in Figure 6b. The lifetime of the BK7
glass was measured to be (3.7 + 0.6) x 102 ps. The
time trajectory of the optical signal originating from
quartz coverslips exhibited a fast decay with a time
constant of 15 + 11 ps, which likely originates from
the trailing edge of the laser excitation.

From these analyses, two observations are note-
worthy. Firstly, the excitation laser light bleeding
through the spectral filter sets represented a non-
zero component of the B, as inferred by comparing
the Cyr in the TGP and epi-luminescence modes
(Figure 6). The suppression of this background com-
ponent by routine spectral filtering can be difficult
even in a carefully optimised setting, and practically
impossible in macro-scale optical imaging of highly-
scattering biological tissue [41]. The time-gated im-
aging mode provides an effective and inexpensive ap-
proach to completely eliminate this component. Sec-
ondly, the intrinsic photoluminescence of the BK7
glass, presumably originating from impurities, also
contributed to Bj. Since these impurities were char-
acterised by a relatively long zp; (Figure 6b), supres-
sing this background was difficult by TGP imaging.
At the same time, this contribution to the back-

ground was relatively low compared to that of biologi-
cal autofluoresence (as seen below). Therefore, it is
typically tolerable during optical imaging of biological
samples, even when ultrahigh-sensitivity is desired. If
this minimal background is untolerable, BK7 cover-
slips are to be replaced with quartz coverslips.

3.4 Time-gated imaging of single-nanorubies
submerged in a fluorescent dye solution

In order to demonstrate the performance of the de-
signed time-gated system, discrete nanorubies spar-
sely dispersed on a glass coverslip were submerged
in a solution of a yellow-fluorescent organic dye.
The results of the epi-luminescence and TGP im-
aging of this sample are shown in Figure 7. Despite
the use of the filter set #1 (including a narrow,
23-nm wide, band-pass filter centred at 689 nm)
optimised for the high-sensitivity detection of the
nanoruby PL, the emission from the yellow dye sub-
dued the nanoruby signal. However, in the TGP
mode, the fluorescence signal from the yellow fluo-
rescent dye was completely suppressed, which al-
lowed for recovering the signal from discrete na-
norubies. The background value of the signal from
nanorubies in the dye solution is closely approached
that of the EMCCD dark counts (B,=5447 + 265
count and Dark = 2972 + 332 count)

3.5 Time-gated imaging of nanorubies
in cells

The feasibility of using the TGP system to image na-
norubies on a biological background of living cells
was tested using cells (AtT-20, Section 2.8) incu-
bated with nanorubies. Representative images of na-
noruby-containing living cells, acquired in the bright

1
. i 0
(a) (b)

Figure 7 Images of nanorubies spin-coated on a glass cov-
erslip and submerged in a solution of the yellow-fluorescent
organic dye obtained by (a) epi-luminescence and (b) TGP
imaging modes. Nanorubies are invisible in (a) whereas dis-
crete nanorubies were clearly observed in (b).

10 um

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.biophotonics-journal.org



J. Biophotonics (2016)

FULL
ARTICLE

field, epi-luminescence and TGP imaging modes are
shown in Figure 8. In the TGP mode, the fluores-
cence originating from media and endogenous cell
fluorophores (Figure 8b) is suppressed, resulting in
background-free imaging of discrete nanorubies
bound to the cell (Figure 8c).

This experimental configuration models a func-
tional imaging scenario, where a fluorescent solution

Control

Nanorubies-labelled

- 0
2%{’2‘00 200*%#**’;”’2’00

0 0

Figure 8 Microscopy images of AtT-20 cells. (a—c)Left and
right columns: cells incubated with nanorubies and control,
respectively. Rows: (a) Bright field, (b) epi-luminescence,
and (¢) TGP images. Insets in (b) and (c¢), blow-up images
as framed by blue squares. A red circle marks the nanoruby
indiscernible in (b). Scale bars in (a—c), 10 pm. (d) and (e)
are normalised 3D-pseudo-colour plots of the epi-lumines-
cence and TGP modes, respectively. The black arrow on
(e) demarcates a representative peak which is only barely
visible in (d).

probe assays the functional state of the cell (e.g., in-
tracellular Ca?*) modulated by ligands such as neu-
rotransmitters, while molecular trafficking of the re-
ceptor-bound ligands labelled with photoluminescent
nanoparticles are visualised using the TGP mode.
The nanoruby signal is confirmed by the control
sample without nanorubies as shown in Figure 8 (a-
¢, right panel).

3.6 Single-molecule kinetic binding assay

Detection of rare, but significant biomolecules or
biological events in biological fluids, such as blood
and urine, is known as “a needle in a haystack” prob-

B Specific
(a) (b) 401 ® Non-specific
s A
O tnaruby 53301!
Z‘g Neutravidin é;'gm:
A Batin L2 I
PEG 2510
e -2 |
1 Serum 3 g
= 20 40 60 80 100
(C) Time (s)
13 '
* L3
3
3
@0 O A0 hH| = 60s
®

400
y-400 0 X

Figure 9 Schematic diagram of assaying antigens modelled
by avidin with biotinylated nanorubies in serum. (b) A bar-
chart of the number of nanorubies bound to the avidin-
functionalised substrate, as a function of time, as observed
in Video S2 and Video S3 (available in SI). Red and black
bars represent specific and non-specific (negative control)
binding. (¢) Zoomed time-lapse images of the binding
events (inverted color) captured from Videos S2 and S3.
Red circles show nanorubies that had bound to the sub-
strate before the start of video recording; black arrows
show emerging bound nanorubies, a white arrow shows the
detached nanoruby. Scale bar, 10 pm. (d) and (e) are nor-
malised 3D-pseudo-colour plots of the epi-luminescence
and TGP images, respectively.
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lem, exacerbated by autofluorescence from endo-
genous flavins, nicotinamide adenine dinucleotides
and porphyrins. Several assay formats and probes
have been developed to detect clinically relevant
proteins, nucelotides and other molecules (such as
glucose) in biological fluids [42-44]. Here, we de-
monstrate our TGP method capability for a single-
molecule kinetic assay, which is in our case modelled
as an avidin-biotin pair in a biological fluid. We
made use of nanorubies to label antigens modelled
by avidin.

The binding of single biotinylated nanorubies to
avidin in fetal bovine serum (serum) is schematised
in Figure 9a. The binding was monitored over time
and presented in Figure 9c, where black arrows
mark newly bound nanorubies, while a white arrow
shows the detachment of a weakly bound, presum-
ably, adsorbed nanoruby from the coverslip. Video
S2 (available in Supplementary Information file)
shows the real time imaging of nanoruby Kkinetic
binding, while Video S3 (see SI) shows the corre-
sponding negative control assay, where few binding
events registered.

The number of nanorubies bound to the immobi-
lised avidin during the time series is presented in a
bar chart in Figure 9b. Figure 9d and e, respectively,
show epi-luminescence and TGP images of the speci-
fically bound nanoruby distribution at the assay com-
pletion. In contrast with the epi-luminescent video
microscopy, nanorubies were visualised clearly in the
time-gated mode, thus showing the cutting-edge mer-
it of the reported method. This demonstrates the fea-
sibility of the method for assaying of molecular mar-
kers such as inflammatory markers or for bed-side
monitoring of analytes in a clinical setting.

4. Conclusion

We demonstrate a time-gated photoluminescence
microscopy system that enables fast and ultrahigh-
sensitivity imaging of long-lifetime photoluminescent
probes in optically crowded environments for ex-
tended periods of time. Time-gated imaging of na-
noruby photoluminescence enabled its separation
from short-lived laser scatter, autofluorescence of
biological matter and organic fluorescent probes. By
using time-gated imaging mode, we have been able
to demonstrate the detection of single nanorubies
dispersed on a coverslip, even when they were sub-
merged in a solution of organic fluorescent dye, or
bound to cells submerged in a fluorescent culture
medium. The rapid imaging capability of the system
enabled live monitoring of single particle binding
events in autofluorescent biological fluids.

The presented results demonstrate the potential
of nanorubies as molecular probes or labels for a

range of applications in the life sciences, such as
real-time assaying of analytes in biological fluids.
These developments will offer new opportunities for
visualising intracellular molecular trafficking and de-
tecting rare biomolecular events in an optically
crowded background of cells and tissues.

Supporting Information

Additional supporting information may be found in
the online version of this article at the publisher’s
website.
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