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A B S T R A C T

This study introduces the time-gated analysis of room-temperature phosphorescence (RTP) for the in-situ 
analysis of the visible and spectral information of photons. Time-gated analysis is performed using a micro-
scopic system consisting of a spectrometer, which is advantageous for in-situ analysis since it facilitates the real- 
time measurement of luminescence signal changes. An RTP material hybridized with a DNA aptamer that targets 
a specific protein enhances the intensity and lifetime of phosphorescence after selective recognition with the 
target protein. In addition, time-gated analysis allows for the millisecond-scale imaging of phosphorescence 
signals, excluding autofluorescence, and improves the signal-to-background ratio (SBR) through the accumula-
tion of signals. While collecting the time-gated images and spectra of RTP and autofluorescent materials 
simultaneously, we develop a method for obtaining phosphorescence signals by means of selective exclusion of 
autofluorescence signals in simulated or real cell conditions. It is confirmed that the accumulated time-gated 
analysis can provide ample information about luminescence signals for bioimaging and biosensing applications.

1. Introduction

In the microscopic analysis of living organisms such as cells and 
tissues [1], autofluorescence is a drawback for overlapping photo-
luminescence (PL) signals [2,3]. To overcome this drawback, methods 
have been developed to avoid the autofluorescence of organisms, such as 
lifetime mapping and time-gated imaging [4–6]. Lifetime mapping 
typically uses time-correlated single-photon counting (TCSPC) for 
measurements, where fluorescence lifetime imaging microscopy [7–9] is 
used for fluorescent materials and phosphorescence lifetime imaging 
microscopy (PLIM) [10,11] for phosphorescent materials. In the case of 
multiple luminescence signals, a clearly distinguished mapping image 
can be obtained by visualizing the lifetime value of each luminescence 
signal [12]. However, there is a limitation that the spectral information 
of each signal cannot be confirmed. In addition, PLIM should be 
repeated to perform a new triplet population after the decay is 
completed and scan all x and y pixels in a detection area. This results in a 
long measurement time and a high cost of computational equipment 
[13]. Time-gated imaging is based on the combination of an optical 

chopper and materials with relatively longer lifetimes compared to 
fluorescence [14–16]. This method can be used to precisely control the 
delay time to submicroseconds using an electric signal [17,18]. A time 
delay exists between the excitation of luminescent materials and the 
detection of signals. Hence, only long-lived luminescence signals are 
selectively detected after autofluorescence disappears [19]. In general, 
signal detection becomes easier as the lifetime of a luminescent material 
increases [20]. For in vivo bioimaging applications, a luminescent ma-
terial with a long lifetime is injected into a mouse, and the afterglow of 
luminescence is measured through time-gated analysis [21,22]. From a 
microscopic perspective, only the number of detected photons is 
important for visualization, even though the luminescent signal contains 
more information.

In this study, we have developed a time-gated microscopic system by 
adding a spectrometer to analyze the spectral information of photons. It 
is possible to simultaneously obtain the visible information from the 
microscope and spectral information from the spectrometer. The emis-
sion spectrum is essential for the quantitative analysis of luminescence 
across a broad wavelength range, and it involves parameters such as the 
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real-time intensity decay, wavelength shift, and deconvolution of mul-
tiple peaks. A microscope coupled with a spectrometer provides a sig-
nificant advantage in in-situ research because it allows for the real-time 
measurement of wavelength changes at desired locations in a sample. In 
addition, we use an organic room-temperature phosphorescence (RTP) 
material, which has long-lived emission over milliseconds at room 
temperature [23–31].as a luminescent sample that is efficient for gating 
time control [32–36] Organic luminescent materials can be hybridized 
with bioligands with high stability and biocompatibility in ambient air 
and aqueous conditions [37–41]. We fabricate a hybrid assembly of pure 
organic RTP material and DNA aptamer with specific target protein 
recognition. The interaction with the target protein increases the in-
tensity of the aptamer-hybrid assembly and the lifetime of the phos-
phorescence signal. Furthermore, millisecond-scale images are obtained 
faster compared to PLIM by detecting the long lifetime of a phospho-
rescence signal using an electron-multiplying charge-coupled device 
(EMCCD). The time delay function in the shutter operation of the 
EMCCD is used to exclude autofluorescence, and only phosphorescence 
is selectively captured. The acquired signals are accumulated to reduce 
the signal-to-background ratio (SBR). The time-gated RTP analysis using 
in-situ images and spectra can provide more information for the analysis 
of PL signals.

2. Experimental section

2.1. Installation of time-gated microscope system with spectrometer

For the time-gated room-temperature phosphorescence microscopy, 
a 375 nm diode laser and LED lamp, each connected to the Olympus 
IX73 microscope body and a function generator, were used as excitation 
sources. A color charge-coupled device (CCD), electron-multiplying CCD 
(EMCCD), and spectrometer were used as the signal detectors. A two- 
deck noise piece was installed on the IX73 microscope to use the LED 
and laser light sources. The LED lamp was directly installed on the main 
body, and the wavelength of excitation/emission light was determined 
using a dichroic beam splitter and long-passage filter. A pulse function 
was added by connecting a function generator to the diode laser to 
adjust the pulse width and delay time. The pulsed laser, which started 
from the optical fiber, reached the body through the collimator. The 
collimated excitation laser was separated using a dichroic beam splitter 
that reflected light below 382 nm and transmitted it above 382 nm. The 
reflected light was collected using a 10x air gap lens (NA: 0.35) before 
irradiation to the sample. The sample was excited, and it emitted a 
photoluminescence signal that passed through a loss-passage filter with 
a cut-off wavelength of 405 nm. A flip mirror was added to the output 
port to select the output signal that passed through the color CCD or 
EMCCD (Pro-EM 1024) equipped with a spectrometer (HRS-300, 
Princeton Instruments).

2.2. Luminescent powder sampling for microscopy

The autofluorescence materials used were tryptophan (Trp), which 
emits blue fluorescence as a component of proteins, and riboflavin (Rf), 
which emits yellow fluorescence and is directly involved in cell meta-
bolism. Isophthalic acid (IPA) has a lifetime of milliseconds or more at 
room temperature and an emission wavelength similar to that of the 
autofluorescence materials; thus, it can be differentiated only based on 
its lifetime. We used IPA, benzophenone (DBP), and polybenzophenone 
(pDBP) without further purification. The cocrystal of phenanthrene and 
1,2,4,5-tetrafluoro-3,6-diiodobenzene (Phe-DITFB) was prepared ac-
cording to a previous report [42]. Phenanthrene and 1,4-DITFB (1:2 M 
ratio) were dissolved in an ethanol–chloroform solution (1:1 vol ratio) in 
a 25 mL vial. The solution was kept in the dark overnight to allow for 
gradual solvent evaporation, and colorless crystals were obtained. All 
the samples were purchased from Sigma-Aldrich in powder form. Each 
powder (1 g) was finely ground using a grinder to remove extra-large 

crystals. To fix the powder for microscopic analysis, we prepared a 
pellet by placing 1 mg of the powder on a glass slide and pressing it with 
a cover glass. The mixed samples were prepared by mixing each powder 
in a weight ratio of 1:1.

2.3. Characterization of luminescence signal of IPA crystals under 
excitation with continuous-wave laser

After a triplet population was achieved using a continuous-wave 
(CW) laser for a sufficiently long time, the laser was turned off to 
measure the decrease in the phosphorescence intensity and color 
changes in the IPA crystal using the color CCD in real time. The EMCCD 
visualized the reduction of photons at 660 ms (1.5 fps) intervals under 
the same excitation conditions. The grating (density of 150 groove/mm, 
blaze of 500 nm, and center wavelength of 500 nm) of a spectrometer 
was used to obtain the spectrum of IPA crystals every 0.5 s after the laser 
was switched off.

2.4. Characterization of luminescence signal of IPA crystals under 
excitation with pulsed laser

The CW laser was converted to a pulsed laser to selectively detect the 
phosphorescence signal of IPA crystals. A function generator generated 
an output pulse trigger for the CW laser in channel 1 with a period of 
300 ms, pulse width of 100 ms, and no delay. Simultaneously, a second 
pulse trigger was generated to the EMCCD in channel 2 with a period of 
300 ms, pulse width of 100 ms, and delay of 100.5 ms. The two pulses 
did not overlap to selectively detect the phosphorescence signal of IPA 
crystals. The gating time represented the time difference between the 
two pulses, and it was obtained by subtracting the width of the CW laser 
from the delay of the EMCCD (100.5 ms–100 ms = 0.5 ms). In addition, 
the signal-to-background ratio of the frame was reduced to improve the 
background of the images and obtain a clearer spectrum by accumu-
lating signals at the same location and conditions. The time-gated im-
ages represented the brightness and shape of crystals in terms of the 
relative number of photons by counting nonspectral photons from the 
spectrometer. By contrast, spectral photons from the grating of the 
spectrometer appeared as a spectrum.

2.5. Fabrication of IPA–aptamer hybrid assembly and selective 
recognition with the target protein

The aptamer (Bioneer) had a sequence of 5′-GGT GGT GGT GGT TGT 
GGT GGT GGT GG-3’ (26 mer); which is a guanine-rich sequence that 
has a specific G-quadruplex structure. To make the specific 3D structure, 
2 μM of the aptamer was dissolved in a phosphate-buffered saline (PBS) 
buffer (Bioneer), and 5 mM of MgCl2 (Bioneer) was added to create the 
G-quadruplex structure. The aptamer solution was heated at 95 ◦C for 
10 min and then left at room temperature for 1 h. Subsequently, 20 mg/ 
mL of commercial IPA powder was dissolved in tetrahydrofuran (THF) 
to form a stock solution for the reprecipitation method. 2 mL of the stock 
solution was injected into 20 mL of the PBS buffer containing 500 nM of 
the prepared aptamer solution with rapid stirring at 900 rpm for 10 min. 
The mixture was stored overnight at room temperature, and a visible 
precipitate was formed. The fabricated IPA–aptamer hybrid assembly 
was exposed to target nucleolin (lyophilized from 0.2 μm filtered solu-
tion in PBS, 10 % trehalose as a protectant, pH 7.4, AcroBiosystems) at 
concentrations of 50, 100, 200, and 500 nM at 36.5 ◦C for 2 h and then 
left at room temperature. PSMA (100 nM, lyophilized from 0.22 μm 
filtered solution in PBS, 0.5 % BSA, pH 7.4, AcroBiosystems) and CD30 
(lyophilized from 0.22 μm filtered solution in 50 mM Tris buffer, 100 
mM glycine, pH 7.5, AcroBiosystems) were used as controls. The liquid 
samples for microscopy were prepared by dropping 10 μL of the IPA-
–aptamer hybrid assembly before and after treatment with the target 
protein on a slide glass and covering it with cover glass.
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2.6. Cell culture

Cell culture was performed according to Freshnev’s method [43]. 
The model mouse cell line (RAW264.7 macrophages) was purchased 
from the American Type Culture Collection. The cells were cultured in 
Dulbecco’s modified Eagles’s medium (Gibco) containing 10 % fetal 
bovine serum (Gibco) and 1 % penicillin/streptomycin (Gibco) at 37 ◦C 
in a humidified incubator with 5 % CO2 atmosphere. The cell medium 
was replaced every 2 days, and the cells were detached for cell cryo-
preservation experiments until the cell density reached approximately 
80 %. After the monolayer formation, the cells were detached using a 
0.25 % trypsin solution with 0.02 % ethylenediaminetetraacetic acid 
according to the standard methodology. The cultured cell was washed 
with PBS buffer solution twice for sampling of time-gated microscopy.

2.7. Characterization

The surface morphology of the IPA–aptamer particles was analyzed 
using field-emission scanning electron microscopy (Hitachi, S-4300) at 
an acceleration voltage of 10 kV. A fluorescence spectrophotometer 
(Cary Eclipse Fluorescence Spectrophotometer, Agilent) was used to 
determine the phosphorescence mode. The total decay time, delay time, 
and gate time were 0.02 s, 0.2 ms, and 5 ms, respectively. PL data were 
measured 2 h after the addition of the target proteins. Powder X-ray 
diffraction (Rigaku, SmartLab) patterns were obtained using Cu-Kα ra-
diation (λ = 1.5412 Å) at a voltage of 45 kV and current of 200 mA. The 
scanning rate was 0.017◦/s, and the values of 2θ were 5◦–60◦. A confocal 
laser scanning microscope (Carl Zeiss, LSM700) was used to analyze the 
fluorescence images of the IPA, IPA–aptamer, and IPA–aptamer with 

Fig. 1. Accumulated in-situ time-gated room temperature phosphorescence analysis. a Schematic illustration of time-gated RTP analysis instrument. b Control 
parameters of the time-gated system and detected signals over time. c Detected signals expressed by images and spectra and accumulated with a reiteration of 
pulsed laser.
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nucleolin. The IPA molecules were excited at 405 nm and detected using 
a 410–550 nm filter. The cyanine 5(cy5)-labeled aptamer present on the 
IPA particles were excited at 555 nm and detected using a 640–800 nm 
filter. The phycoerythrin(PE)-labeled nucleolin proteins present on the 
IPA–aptamer microparticles were excited at 555 nm and detected using 
a 570–640 nm filter. The phosphorescence lifetimes of the IPA pellets 
were measured using a photomultiplier tube. Raman images were ac-
quired with a LabRAM Soleil Raman microscope (Horiba Jobin Yvon) 
using a 532 nm excitation laser and a LabRAM Aramis Raman micro-
scope (Horiba Jobin Yvon) using a 785 nm excitation laser.

3. Results and discussion

3.1. Design of an accumulated time-gated RTP analysis for avoiding 
autofluorescence

The time-gated RTP analysis equipment consisted of a light source, 
microscope, spectrometer, detector, and function generator (Fig. 1a). 
There were two light sources: an LED with an optical filter, which is 
commonly used in conventional optical microscopy, and a 375 nm diode 
laser for pulse generation. In accordance with the light source equip-
ment, a color charge-coupled device (CCD) and EMCCD were used. Time 
gating was performed by connecting the function generator to the laser 
source and EMCCD to generate a pulse as an electrical signal. The form 
of the pulse signal was easily modified by controlling function param-
eters such as the period, pulse width, and delay time (Fig. 1b). According 
to the delay time between the laser and detector channels, the detected 
signal could be selectively obtained using a phosphorescence signal in 
the gate-on state. The detected signals were simultaneously expressed as 

images and spectra under irradiation with a continuous-wave (CW) laser 
or pulsed laser source (Fig. 1c). For the CW laser source, auto-
fluorescence and phosphorescence signals could not be distinguished in 
an optical microscope image. In spectral information analysis, the 
deconvolution of the multicomponent spectrum enables the distinction 
between these signals after the assignment of each component. The 
pulsed laser source was used to selectively detect phosphorescence sig-
nals from an optical microscope image. In addition, the in-situ spec-
troscopy had spectral information such as change of peak intensity and 
peak shift over delay time. By repeating the pulse signal, the lumines-
cence signal could be accumulated to improve the signal-to-background 
ratio (SBR) for optical images and the signal-to-noise ratio (SNR) for 
spectrum.

3.2. Optical properties of isophthalic acid crystal with long-lived 
phosphorescence emission

We selected isophthalic acid (IPA) as a representative RTP material 
because of its long lifetime of a few seconds [44,45]. First, we analyzed 
the visible excitation and emission spectra of IPA solution (Fig. 2a). The 
IPA absorbed UV light at approximately 290 nm and simultaneously 
emitted luminescence signals with a fluorescence peak at 375 nm and 
phosphorescence peak at 480 nm. White-colored pristine IPA was irra-
diated with a 375 nm UV lamp and observed with the naked eye 
(Fig. 2b). Pristine IPA emitted cyan light during UV light irradiation. 
After the UV light was turned off, IPA emitted only green phosphores-
cence for approximately 4 s. The observation of the IPA powder through 
optical and fluorescent microscopy revealed that the IPA powder had 
various sizes and morphologies (Fig. 2c). Pristine IPA also emitted cyan 

Fig. 2. Long-lived phosphorescence emission spectra of IPA with CW laser excitation. a PL spectrum of IPA in THF (0.1 mg/mL). Fluorescence at 375 nm and 
phosphorescence at 480 nm b Photo images of IPA crystal under irradiation with 365 nm UV lamp (scale bar: 1 cm). c Optical and fluorescence microscopy images of 
IPA crystal (λex: 330–385 nm, λem: 420–IR nm, scale bar: 100 μm). d EMCCD images of IPA crystal in realtime observation with CW laser source (scale bar: 20 μm). e 
In-situ PL spectrum of IPA with CW laser source. Emission signal was filtered using 405 nm long-pass edge filter.
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luminescence upon excitation with an LED lamp filtered by a 330–385 
nm dichroic beam splitter. We performed in-situ analysis using 
time-gated microscopy (Fig. 2d and Supplementary Video 1). A single 
IPA crystal was irradiated with a 375 nm laser source without pulse 
generation. The IPA crystal was superimposed on the reflected laser 
signal during the irradiation. When the laser was turned off, the lumi-
nescence signal of the IPA crystal gradually decreased for approximately 
3 s and then disappeared. We added a spectrometer as an additional 
accessory to the microscope and observed a decrease in the lumines-
cence of IPA (Fig. 2e). After the laser was turned off, the luminescence 
signal of IPA decreased considerably with two peaks at 440 and 550 nm, 
and it faded away after a few seconds.

3.3. In situ time-gated RTP images and spectrum of IPA crystal under 
pulsed laser irradiation

The 375 nm CW laser was converted to a pulsed laser by utilizing a 
function generator that imposed an electrical signal on the device. It 
connected the laser source and EMCCD detector through time-to-live 
(TTL) channels to control function parameters such as the pulse 
period, width, height, and delay time between them. The long-lived 
phosphorescence signal of the IPA crystal was obtained using a pulse 
period of 300 ms, laser intensity of 300 mA, laser width of 100 ms, and 
detector width of 100 ms. Then, we obtained the time-gated images of 
the IPA crystal for delay times of 0–50 ms (Fig. 3a). All EMCCD images 
were optimized using autoscaled contrast to generate clearer images. 
The time-gated images of the IPA crystal were obtained at a delay time of 
0 ms, and no significant difference was observed between delay times of 
0.5–50 ms. By contrast, in-situ spectrometry confirmed the differences 
between the fluorescence and phosphorescence signals of the IPA crystal 
for different delay times (Fig. 3b). At a delay time of 0 ms, the time-gated 

spectra of the IPA crystal showed four emission peaks in a range of 
400–630 nm, with two main peaks at 435 and 516 nm and two shoulder 
peaks at 483 and 550 nm. The intensities of all the peaks decreased as 
the delay time increased; in particular, the main peak at 435 nm nearly 
disappeared after a delay time of 1 ms. This implied that the lifetime of 
the luminescence at 435 nm was relatively shorter than that of the 
others, representing a fluorescence signal. The others were the phos-
phorescence signals of the IPA crystal, which retained their intensities 
until a delay time of 50 ms. We accumulated the luminescence signals of 
IPA to improve the resolution of the time-gated images (Fig. 3c). At a 
delay time of 0.5 ms, it was difficult to distinguish between the IPA 
crystals in a single frame. The resolution of the images was significantly 
improved through the accumulated time-gated analysis. IPA crystals 
were observed by accumulating more than 20 frames of time-gated 
images. The calculated SBR was confirmed based on the number of 
accumulated frames (Supplementary Fig. 1). Similarly, in in-situ spec-
trometry, the SNR of the spectrum improved as the number of accu-
mulated frames increased (Fig. 3d). The other function parameters, such 
as the pulse width or laser intensity, were controlled using time-gated 
microscopy (Supplementary Figs. 2 and 3). The time-gated images of 
the IPA crystal became clearer as the pulse width increased regardless of 
the laser or detector channel. The same trend was observed when the 
laser intensity was increased. The accumulated time-gated analysis of 
RTP enabled us to assign all the peaks of the PL spectrum and compare 
their lifetimes, which was not possible using microscopy. Furthermore, 
the SBR in the images and SNR in the spectrum increased with the 
number of accumulated frames at a delay time of 0.5 ms.

Fig. 3. Time-gated RTP images and spectrum of IPA crystals under pulsed laser. a Time-gated images of IPA crystal over delay time (scale bar: 20 μm; accumulation: 
20 frames). b Time-gated spectrum of IPA crystal over delay time. c Time-gated images of IPA crystal with frame accumulation (scale bar: 20 μm; delay time: 0.5 ms). 
d Time-gated spectrum of IPA crystal with frame accumulation. All data were obtained using 375 nm pulsed laser source. Fixed parameters: pulse period: 300 ms; 
laser intensity: 300 mA; laser pulse width: 100 ms; detector pulse width: 100 ms.
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3.4. RTP enhancement for IPA–aptamer hybrid assembly with specific 
recognition of target protein

We have studied techniques for fabricating complexes between light- 
emitting crystals and biomaterials such as using DNA, aptamers, and 
peptides [46–49]. A light-emitting crystal was recrystallized with a 
bioligand using the reprecipitation method, and its fluorescence 
increased after specific recognition with a target material. To expand the 
biohybrid technique to RTP materials, we successfully fabricated an 
IPA–aptamer hybrid assembly in which the DNA aptamer had a specific 
binding affinity for nucleolin, which is a multifunctional protein con-
taining four RNA-binding domains (RBDs) [50,51]. The DNA aptamer 

was used as the bioligand to selectively bind with nucleolin. The 
guanine-rich G-quadruplex structure of the aptamer interacted with the 
RBDs [52]. The morphology of the IPA–aptamer hybrid assembly was a 
strap shape with a thickness of approximately 5 μm, as observed in a 
scanning electron microscopy (SEM) image (Fig. 4a). We determined the 
distribution of the DNA aptamer in IPA–aptamer hybrid assembly by 
using the Cy5-labeled aptamer for fabricating the assembly. The blue 
fluorescence emission in the IPA–aptamer hybrid assembly was visual-
ized using a confocal laser scanning microscope (CLSM) under excitation 
with a 405 nm laser (Supplementary Fig. 4). The red-emitting Cy5 
molecule was attached to the 3′ end of the aptamer. The distribution of 
the DNA aptamer molecules was nearly identical to that of the IPA 

Fig. 4. Accumulated detection of phosphorescence augmentation in IPA–aptamer hybrid assembly with specific target recognition. a SEM image of IPA–aptamer 
hybrid assembly (scale bar: 5 μm). b XRD spectra of IPA crystal (yellow line), IPA recrystallized using reprecipitation method (green line), and IPA–aptamer hybrid 
obtained using reprecipitation method (red line). c CLSM images of IPA–aptamer hybrid assembly after exposure to nucleolin. IPA was excited by a 405 nm laser, and 
emission was filtered in a range of 410–500 nm (left). PE-labeled nucleolin was excited with a 555 nm laser, and emission was filtered in a range of 580–640 nm 
(right) (scale bar: 20 μm). d Relative PL intensity of IPA without (dashed bar) or with (full filled bar) aptamer after exposure to various proteins with same con-
centration of 200 nM. e Relative phosphorescence max. intensity of IPA at 480 nm without or with aptamer with different concentrations of nucleolin. f Average 
lifetime of IPA–aptamer hybrid assembly with different concentrations of nucleolin. g Time-gated images of IPA–aptamer hybrid assembly after exposure to nucleolin 
(scale bar: 20 μm). h Increased phosphorescence max. intensity of IPA–aptamer hybrid assembly at 530 nm over reaction time. i Time-gated spectrum of phos-
phorescence augmentation with accumulated detected signal of IPA–aptamer hybrid assembly after target recognition. j Efficiency of phosphorescence augmentation 
with accumulated detected signal of IPA–aptamer hybrid assembly after target recognition.
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particles. The merged image showed the coexistence of the IPA particles 
and aptamers. This was because the DNA aptamer was distributed 
entirely within the IPA–aptamer hybrid assembly. To examine the 
structural changes in the IPA crystals, X-ray diffraction (XRD) analysis 
was performed using the pristine IPA powder, recrystallized IPA, and 
recrystallized IPA–aptamer hybrid assembly (Fig. 4b). The XRD pattern 
of the pristine IPA powder showed the typical peaks of IPA at 15.9◦ and 
27.98◦ corresponding to the (012) and (10-2) planes, respectively [53]. 
After IPA was recrystallized from the aptamer using the reprecipitation 
method, an XRD peak was observed at 10.66◦ corresponding to the (020) 
plane, and the intensities of the peaks at 15.9◦ and 27.98◦ decreased. As 
the XRD patterns of the IPA and IPA–aptamer straps were nearly iden-
tical, it could be inferred that the DNA aptamer negligibly affected the 
crystal structure of IPA. Then, we treated the IPA–aptamer hybrid as-
sembly with nucleolin, which selectively interacted with the DNA 
aptamer of hybrid assembly. The confocal microscopy images of the 
IPA–aptamer hybrid assembly with nucleolin showed the blue fluores-
cence emission of the IPA assembly (Fig. 4c). We determined the posi-
tion of nucleolin by attaching phycoerythrin (PE), which had a strong 
orange emission, to nucleolin. Nucleolin was mainly distributed on the 
surface of the IPA–aptamer hybrid assembly. To investigate the speci-
ficity of the IPA–aptamer hybrid assembly, we used different types of 
proteins to analyze the phosphorescence amplification of the IPA as-
sembly with and without the aptamer (Fig. 4d). The phosphorescence 
intensity of the IPA particles without the aptamer was increased by 
approximately 10 % owing to the nonspecific binding of all proteins to 
IPA particles. In the case of the IPA–aptamer hybrid assembly, the 
phosphorescence intensity increased by 25 % when nucleolin was 
exposed to the IPA–aptamer microparticles. By contrast, the phospho-
rescence intensity of the other proteins was either maintained or 
decreased. These results demonstrated the selective response of the 
IPA–aptamer hybrid assembly to nucleolin. To analyze the enhancement 
of phosphorescence with the nucleolin concentration, proteins with 
concentrations of 0–500 nM were added to the IPA hybrid assembly with 
and without the DNA aptamer (Fig. 4e). In the IPA particles without the 
aptamer, the relative phosphorescence intensity slightly increased with 
the nucleolin concentration, and it became saturated at approximately 
10 % at a nucleolin concentration of 500 nM. When the IPA–aptamer 
hybrid assembly was exposed to nucleolin, the phosphorescence in-
tensity sharply increased to 20 % at a nucleolin concentration of 200 nM 
and became saturated. We utilized a photomultiplier to understand the 
phosphorescence lifetime of IPA pellets as a function of the nucleolin 
concentration (Fig. 4f). We obtained the phosphorescence intensity 
signal according to the decay time and calculated the average lifetime of 
each IPA–aptamer hybrid assembly by calculating an exponential decay 
and average lifetime formula. The phosphorescence lifetime of IPA 
particles without aptamer was 773 ms as a control, while the 
IPA-aptamer hybrid assembly was 798 ms which was slightly increased. 
When the IPA–aptamer hybrid assembly was exposed to nucleolin at 
concentrations of 0–500 nM, the average phosphorescence lifetime 
increased to 923 ms at 100 nM and became saturated without significant 
changes. We successfully fabricated the IPA–aptamer hybrid assembly 
that could selectively recognize nucleolin by simultaneously increasing 
the phosphorescence intensity and lifetime.

3.5. Accumulation of phosphorescence signals of IPA–aptamer hybrid 
assembly after treatment with target protein via time-gated microscopy

We used in-situ time-gated analysis to observe the increase in the 
phosphorescence of the IPA–aptamer hybrid assembly after treatment 
with nucleolin in real time (Fig. 4g and Supplementary Fig. 5a). The 
function parameters of the equipment were fixed at a pulse period of 
300 ms, laser intensity of 300 mA, laser width of 100 ms, detector width 
of 100 ms, the delay time of 0.5 ms, and accumulation of 20 frames. The 
time-gated images of the IPA–aptamer hybrid became clearer over time, 
and a strip-shaped crystal was observed. In the time-gated spectra of the 

IPA–aptamer hybrid assembly, the phosphorescence intensity increased 
to 110 % after a reaction time of 50 min after target treatment (Fig. 4h 
and Supplementary Fig. 5b). To amplify the phosphorescence augmen-
tation signal, the time-gated spectra of the IPA–aptamer hybrid assem-
bly were obtained by accumulating 1–100 frames accumulation. 
(Fig. 4i). The S/N ratio of the spectrum improved with accumulation by 
amplifying the augmented signal. To quantify this increase, we calcu-
lated the augmentation efficiency of each accumulated spectrum 
(Fig. 4j). The augmentation efficiency with the target treatment was 
only 0.4 with when 1 frame was accumulated, and it increased to 51.3 
when 100 frames were accumulated. These results showed that the 
sensitivity and limit of detection of target recognition could be improved 
through frame accumulation in time-gated analysis.

3.6. Obtaining spectral information using RTP and autofluorescence 
materials under gating time control

Autofluorescence materials in cells or tissues show fluorescence at 
each wavelengths, which causes problems in terms of the SBR in bio-
imaging techniques. To solve these problems using time-gated RTP 
analysis, we used RTP and autofluorescence materials as luminescence 
models to mimic the error conditions of bioimaging analysis. We 
selected benzophenone (DBP) [54], polybenzophenone (pDBP), and 
cocrystals of phenanthrene and 1,2,4,5-tetrafluoro-3,6-diiodobenzene 
(Phe-DITFB) [42] as representative RTP materials and tryptophan 
(Trp) [55] and riboflavin (Rf) [56,57] as representative auto-
fluorescence materials. Optical and fluorescence microscopy images 
with various filters were obtained using conventional microscopy with 
LED lamp irradiation (Supplementary Fig. 6). Luminescent and 
time-gated images were obtained via irradiation with a pulsed laser 
under delay time control (Fig. 5a). DBP exhibited the longest lifetime, 
and it showed cyan luminescence in optical microscopy images. The 
luminescence signal was slightly reduced as the delay time increased 
from 0.5 to 50 ms in time-gated microscopy images. However, the signal 
remained sufficient for determining the shape of the crystals until a 
delay time of 50 ms because of the phosphorescence signal of DBP. 
Similarly, in the case of pDBP, blue luminescence was observed in the 
optical microscopy image, and the phosphorescence signal of pDBP 
crystals was maintained at a delay time of 50 ms. The orange lumines-
cence of Phe-DITFB also decreased as the delay time increased. How-
ever, the crystals were observed up to a delay time of 10 ms but not at a 
delay time of 50 ms. It is necessary to adjust the gating time window 
according to the lifetime of the RTP materials used. For Trp and Rf, the 
delayed signals were not visible from a delay time of 0.5 ms onwards 
because of their short lifetime of autofluorescence signal. The time-gated 
spectra of the samples were obtained and normalized (Supplementary 
Fig. 7). The spectra of all the samples decreased as the delay time 
increased. The time-gated spectra of DBP had a main peak at 530 nm at a 
delay time of 0 ms, which gradually decreased, and there was a red shift 
to 570 nm as the delay time increased (Fig. 5b). The peaks at 530 and a 
red shift at 570 nm were attributed to fluorescence and phosphores-
cence, respectively. The time-gated spectra of pDBP were similar to 
those of DBP, with a main peak at 488 nm and red shift at 565 nm 
representing fluorescence and phosphorescence, respectively (Fig. 5c). 
The time-gated spectra of Phe-DITFB showed two main peaks at 575 and 
620 nm, which decreased without any peak shift as the delay time 
increased (Fig. 5d). The peaks of the time-gated spectra of the auto-
fluorescence materials decreased more rapidly than those of the RTP 
materials at 460 nm for Trp and 570 nm for Rf (Fig. 5e and f). To 
quantify this decrease, each time-gated spectrum was normalized based 
on the intensity of the main peak at a delay time of 0 ms. The normalized 
intensities at a delay time of 1 ms were 0.409 for DBP, 0.122 for pDBP, 
0.547 for Phe-DITFB, 0.016 for Trp, and 0.007 for Rf. The decrease in the 
intensity of the RTP materials was less than that of the autofluorescence 
materials for equal delay times. The CIE color mapping of each 
time-gated spectrum was identical to the luminescence color obtained 
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from the optical images (Fig. 5g). 3.7. Differentiation between phosphorescence and autofluorescence using 
time-gated microscopy and application to actual cells

We mimicked the clinical conditions of bioimaging analysis to arti-
ficially simulate the problems caused by autofluorescence materials in 

Fig. 5. Time-gated images and spectrum of RTP and autofluorescence materials with delay time control. a Luminescent and time-gated images of RTP and auto-
fluorescence materials over delay time (scale bar: 50 μm). b-f Normalized timge-gated spectrum of DBP, pDBP, Phe-DITBP, Trp and Rf over delay time. g CIE color 
mapping of spectrum for RTP and autofluorescence materials.
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bioimaging analysis. In control simulation, the RTP and auto-
fluorescence materials had different wavelength bands and crystal 
shapes; thus, it was easy to differentiate between them using optical 
microscopy. This was represented by a mixture of IPA and Rf crystals, as 
observed via conventional optical microscopy (Supplementary Fig. 8). It 
was easy to distinguish between the blue luminescence of IPA crystals 
and the yellow luminescence of Rf crystals through optical microscopy. 
The phosphorescence signal of IPA crystals could be selectively detected 
using time-gated analysis with delay time control. In-situ analysis of IPA 
luminescence change was also detected (Supplementary Video 2). In 
addition, there were two simulations with errors caused by auto-
fluorescence. In the first, the RTP and autofluorescence materials had 
the same wavelength bands and similar crystal shapes. In the second, the 
RTP and autofluorescence materials had different crystal shapes but the 
fluorescence was so strong that it covered the phosphorescence signals. 
The first simulation was represented by a mixture of IPA and Trp crystals 
observed using conventional optical microscopy (Fig. 6a). The IPA and 
Trp crystals both exhibited blue luminescence and had various mor-
phologies; therefore, it was difficult to distinguish between them using 
optical and fluorescence microscopy images. With the in-situ Raman 
spectroscopy (Supplementary Fig. 9), we obtained the Raman spectrum 
of pure IPA and Trp powder, and assigned the specific Raman shift at 
1635 cm− 1 to IPA and 3405 cm− 1 to Trp. With the Raman mapping 
images, the purple color represents IPA-rich region and the cyan color 
represents Trp-rich region. However, the resolution of the image was not 
enough to distinguish the crystals and compare with optical image. The 
IPA and Trp mixture could be differentiated using time-gated analysis 
via microscopy and spectroscopy. Under irradiation with a CW laser, the 
EMCCD image of the IPA and Trp crystal mixture was similar to the 
optical microscopy image (Fig. 6b). The time-gated spectrum of the 
mixed powder showed three peaks, which were deconvoluted for peak 
assignment. As we already analyzed the time-gated spectra of the pure 
components, we could assign the peaks at 436 nm to the fluorescence of 
IPA, 465 nm to the fluorescence of Trp, and 518 nm to the phospho-
rescence of IPA. Under the pulsed laser irradiation, only the IPA crystals 
were observed in the time-gated image with a phosphorescence signal 
(Fig. 6c). The time-gated spectrum also showed only the phosphores-
cence spectra of the IPA crystals at 535 nm. The second simulation was 
performed using a mixture of Phe-DITFB and Rf crystals, as observed via 
conventional optical microscopy (Fig. 6d). The Phe-DITFB and Rf crys-
tals exhibited orange–yellow luminescence but had different crystal 
morphologies. However, as the quantum yield of the luminescence with 
Phe-DITFB was considerably smaller than that with Rf, it was difficult to 
find Phe-DITFB crystals in the region where Rf was widely distributed. 
With the in-situ Raman spectroscopy (Supplementary Fig. 10), we ob-
tained the Raman spectrum of pure Phe-DITFB and Rf powder, and 
assigned the specific Raman shift at 402 cm− 1 to Phe-DITFB and 740 
cm− 1 to Rf. With the Raman mapping images, the purple color repre-
sents Phe-DITFB-rich region and the cyan color represents Rf-rich re-
gion. However, the resolution of the image was not enough to 
distinguish the crystals and compare with optical image. The time-gated 
analysis could provide only the phosphorescence signal of Phe-DITFB 
crystals using microscopy and spectroscopy. Under CW laser irradia-
tion, the time-gated image of the Phe-DITFB and Rf crystal mixture was 
similar to the optical microscopy image (Fig. 6e). The time-gated spectra 
were deconvoluted into three peaks. We assigned the peaks at 575 and 
622 nm to the phosphorescence of Phe-DITFB and the one at 580 nm to 
the fluorescence of Rf. Under the pulsed laser irradiation, only Phe- 
DITFB crystals were observed in the time-gated image with a phospho-
rescence signal (Fig. 6f). The time-gated spectrum also showed only the 
phosphorescence of Phe-DITFB crystals at 577 and 625 nm. Based on 
these results of the autofluorescence problems under artificial condi-
tions, we extended it to actual cell applications. We selected the 
RAW264.7 macrophage (RAW) cells as the 2D cell model for auto-
fluorescence. RAW cells exhibited green and blue autofluorescence 
under UV irradiation [58,59]. To confirm the cytotoxicity of RTP 

materials, we carried out the cell viability test with RTP materials 
(Supplementary Fig. 11). IPA and DBP were metal-free organic RTP 
materials showing high cell viability, while Ir(ppy)3 and PdOEP were 
heavy metal-containing RTP materials showing low cell viability. The 
IPA was used for the cell experiments due to the highest cell viability 
among them. RAW cells with or without IPA crystals were observed 
using optical and fluorescence microscopy (Fig. 6g). The blue and green 
luminescence of RAW cells was observed using optical and fluorescence 
microscopy images. In the mixture of RAW cells and IPA crystals, the 
blue luminescence of IPA crystals was surrounded by the same colored 
autofluorescence of RAW cells, which could not be distinguished in 
optical and fluorescence microscopy images. In the in-situ time-gated 
image with the same area, the autofluorescence signal of RAW cells was 
detected under excitation with the CW laser (Fig. 6h). However, no 
signal was detected under excitation with the pulsed laser when auto-
fluorescence disappeared within a short lifetime. In the mixture of RAW 
cells and IPA crystals under CW laser excitation, the autofluorescence 
signal of RAW cells and the luminescence signal of IPA crystals were 
detected using time-gated microscopy. However, only the phosphores-
cence signal of IPA crystals was selectively obtained under irradiation 
with the pulsed laser. The selective detection of the phosphorescence 
signal of the RTP material within the autofluorescence cell was 
confirmed using the time-gated spectra of each sample. Under CW laser 
irradiation (Fig. 6i), the time-gated spectrum of RAW cells was obtained 
with a main peak at 535 nm. For RAW cells with IPA, the main peak 
appeared at 450 nm, which was confirmed to be the luminescence signal 
of IPA crystals. Under irradiation with the pulsed laser (Fig. 6j), the 
time-gated spectrum of RAW cells did not show any luminescence signal. 
By contrast, the time-gated spectrum of RAW cells with IPA had a main 
peak at 548 nm owing to the phosphorescence signal of IPA crystals. 
These results confirmed that the time-gated analysis could solve the 
problems caused by autofluorescence signals in bioimaging analysis.

4. Conclusions

The autofluorescence of living organisms interferes with bioimaging 
analysis by competing with the luminescence signals of light-emitting 
materials. Lifetime mapping and time-gated imaging were presented 
to solve this problem. However, there was only limited information that 
could not provide the spectrum of signals to interpret the results. In this 
study, we proposed a method that combined a spectrometer with time- 
gated signal detection and an accumulation system with a microscope to 
obtain spectral information to perform quantitative spectroscopic 
analysis. We modified the existing time-gated microscopy and lifetime 
mapping to overcome the limitations of the lack of spectral information. 
We showed that organic RTP materials, which exhibited luminescence at 
room temperature and were relatively stable in the presence of moisture 
and oxygen, were suitable for bioimaging applications. The hybridiza-
tion of RTP materials with a bioligand provided a biorecognition func-
tion that could be used in biosensing applications. When RTP material 
was used for RAW cell imaging, our method successfully avoided auto-
fluorescence and obtained the accumulated phosphorescence signals, 
suggesting its potential applicability in the bioimaging field. These re-
sults could lead to the development in vivo or in vitro biopsy and ad-
vancements in disease diagnosis.

CRediT authorship contribution statement

Yong Ho Cho: Writing – original draft, Validation, Methodology, 
Investigation, Conceptualization. Seokho Kim: Writing – original draft, 
Validation, Methodology, Investigation, Conceptualization. Tae Kyung 
Won: Methodology, Investigation. Sunki Cho: Methodology, Investi-
gation. Dong June Ahn: Writing – review & editing, Writing – original 
draft, Validation, Supervision, Project administration, Funding acquisi-
tion, Conceptualization.

Y.H. Cho et al.                                                                                                                                                                                                                                  Materials Today Bio 28 (2024) 101238 

9 



Fig. 6. Determination of phosphorescence signal in mixture of RTP and autofluorescence mixture and cell imaging application. a Optical (top) and fluorescent 
(bottom) microscopy images of IPA and Trp mixture (scale bar: 10 μm). b, c Spectral deconvolution of time-gated spectrum of IPA and Trp mixture and time-gated 
images (inset) under irradiation with CW laser (left) and pulsed laser (righ) (scale bar: 10 μm). d Optical (top) and fluorescence (bottom) microscopy images of Phe- 
DITFB cocrystal and Rf mixture (scale bar: 10 μm). e, f Spectral deconvolution of time-gated spectrum of Phe-DITFB cocrystal and Rf mixture and time-gated images 
(inset) under irradiation with CW laser (left) and pulsed laser (right)(scale bar: 10 μm). g Conventional optical microscopy and h time-gated images of RAW264.7 cell 
with or without IPA crystals (scale bar: 10 μm). i, j Time-gated spectrum of RAW264.7 cell with or without IPA crystals under irradiation with CW laser (left) and 
pulsed laser (right).
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