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Time-resolved luminescence detection using long-lived probes with lifetimes in the microsecond 

region have shown great potential in ultrasensitive and multiplexed bioanalysis. In flow 

cytometry, however, the long lifetime poses a significant challenge to measure wherein the 

detection window is often too short to determine the decay characteristics. Here we report a 

time-resolved microfluidic flow cytometer (tr-mFCM) incorporating an acoustic-focusing chip, 

which allows slowing down of the flow while providing same detection conditions for every 

targets, achieving accurate lifetime measurement free of autofluorescence interference. 

Through configuration of the flow velocity and detection aperture with respect to the time-

gating sequence, a multi-cycle luminescence decay profile is captured for every event under 

maximum excitation and detection efficiency. A custom fitting algorithm is then developed to 

resolve europium-stained polymer microspheres as well as leukemia cells against abundant 

fluorescent particles, achieving counting efficiency approaching 100% and lifetime CVs 

(coefficient of variation) around 2~6%. We further demonstrate lifetime-multiplexed detection 

of prostate and bladder cancer cells stained with different europium probes. Our acoustic-

focusing tr-mFCM offers a practical technique for rapid screening of biofluidic samples 

containing multiple cell types, especially in resource-limited environments such as regional 

and/or underdeveloped areas as well as for point-of-care applications. 
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Introduction 

The universal challenge of autofluorescence in biological analysis can be effectively overcome using 

time-resolved luminescence detection1, 2. This takes advantage of long-lived luminescence probes, 

whose signal is detected in a delayed window following the excitation pulse, whereas short-lived 

autofluorescence interference is eliminated by the delay. The long-lived probes used are often 

lanthanide-based complexes and nanoparticles, with luminescence lifetimes typically in the range of 

1 µs to 10 ms3, 4. The lifetime characteristics themselves can be used for analytical purposes such as 

in study of luminescence resonance energy transfer (LRET)5-7. Importantly, coded luminescence 

lifetimes of the probes can be exploited for temporally multiplexed detection assays8, 9, enabling 

highly multiplexed detection while minimising detection channel crosstalk, which is a limiting factor 

in spectral multiplexing. Temporal-domain multiplexing in luminescence-based assays is also 

attractive because the cost of instrumentation can be substantially reduced below that for spectrally-

domain multiplexing due to the need for only one excitation wavelength and one detector, the 

multiplexing being achieved in the signal processing. A range of analytical instruments from plate 

readers to microscopes have been adapted to enable time-resolved luminescence detection10-14. These 

have found a wide variety of applications, including ultrasensitive bioassays for proteins, nucleic 

acids and drug components3, 10, 15, high-contrast cell imaging and quantification of intracellular 

molecules16-19, and rare-event detection of diseased cells and pathogenic microorganisms20-22.  

Complementary to plate reader and microscope, flow cytometry offers high throughput analysis at 

the level of individual cells, well suited for obtaining statistical results from large volume samples 

prepared in the liquid phase. Time-resolved detection of long-lived luminescence in flow cytometry 

has been demonstrated by employing continuous-wave excitation with a downstream detection 

window to eliminate the cellular autofluorescence decaying within 1 µs23, 24. Alternatively, a light-

emitting diode (LED) pulsed at high repetition rate together with time-gated detection technique has 

been used to realise rare event counting in autofluorescence-rich environments, e.g. detection of 

water-borne pathogens25. However, despite their highly effective discrimination against 

autofluorescence background, neither approach can measure the luminescence lifetime along the 

flow. In the meantime, time-resolved fluorescence flow cytometry capable of measuring nanosecond 

lifetime has been developed using frequency-domain methods26-28 or single photon counting29, 30, but 

these techniques are not suitable for lifetimes in the microsecond region and beyond either.  

To accurately measure µs-to-ms lifetime, via the statistics of the emitted photons, it is necessary to 

record the entire decay curve ideally accumulating over multiple cycles8. While this is trivial for 

stationary samples under microscopy, the high velocity (>1 m/s) required for hydrodynamic focusing 
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in conventional flow cytometry imposes a practical limit on the length of the detection window. Even 

though the detection aperture was substantially enlarged for such hydrodynamic flow platforms (e.g. 

to 1.7 mm in Ref. 23, and 0.60 mm in Ref. 25), the overall detection time was still insufficient (1 ms 

for the former, and 180 µs for the latter) to achieve reliable determination of such long lifetimes. 

Microfluidic flow cytometry, however, offers a practical alternative to conventional hydrodynamic 

flow cytometry, since the fluid flow velocity is reduced by a factor of a thousand, enabling target 

transit times across the detection aperture (typically a few hundred microns) to be matched to 

detection protocols which allow accurate determination of luminescence lifetimes in the hundreds of 

microseconds to milliseconds. In this work, we report design and operation specifications of a time-

resolved microfluidic flow cytometer (tr-mFCM), which employs acoustic focusing to ensure 

luminescent targets transit across the centre of the detection aperture for maximum signal capture. 

Under a properly configured time-gating sequence, each event passing the aperture generates a signal 

train containing multiple cycles of decay curve that can be averaged to minimize random fluctuation, 

allowing its lifetime characteristic to be extracted at high accuracy. Details of the tr-mFCM, including 

the microfluidic chip powered by piezoelectric transducer, the optics, and the time-resolved detection 

settings, are reported. A custom fitting algorithm has been used to resolve events that may coincide 

in the detection aperture: the rate of such event overlaps depends on the sample concentration and 

can be estimated from Poisson statistics. The tr-mFCM has been tested using europium-containing 

calibration beads to evaluate the counting efficiency and accuracy in determining lifetime as well as 

intensity in the presence of abundant fluorescent particles, with results cross-validated against time-

resolved scanning microscopy8, 31, 32. We also demonstrate time-resolved and multiplexed detection 

of cancer cells stained with europium probes as potential biomedical applications. 

Experimental sections 

System overview. The new time-resolved microfluidic flow cytometer (tr-mFCM) comprises a 

purpose-built acoustic-focusing microfluidic channel placed under an upright epifluorescence 

microscope, as shown in Figure 1. The microfluidic channel, as reported previously33, is a rectangular 

slit (width of 0.58 mm) etched through on a silicon wafer (thickness of 0.52 mm) using the deep 

reactive ion etching (DRIE) technique. The wafer is bound between two glass slides (90 mm × 25 

mm × 1 mm) via anodic bonding (410 °C, 1.2 kV, 30 min), with the fluid sample inlet and outlet 

holes drilled on the top slide and connected with silicone tubes. A piezoelectric transducer (lead 

zirconate titanate, 30 mm × 5 mm) is glued on the silicon wafer and connected to a function generator 

(DG1022, Rigol), which applies a sinusoidal voltage (20 VPP) to execute acoustic focusing. The 

fluidic sample to be examined is injected into the channel using a syringe pump (Nexus 3000, 
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Chemyx), with the contained events (i.e. microparticles and cells) forced by the acoustic focusing 

into the centre of channel cross-section along the flow, followed by excitation and detection under 

the microscope objective. 

The microfluidic chip was placed on a commercial microscope (BX51, Olympus). The excitation 

source was an ultraviolet light-emitting diode (UV LED) with peak wavelength at 365 nm (M365LP1-

C1, Thorlabs; maximum optical power 500 mW at 1400 mA), typically pulsed at 500 Hz repetition 

rate for the europium probes used in this study. The luminescence collected by the objective 

(LUCPLFLN 40X, Olympus; NA=0.6) was either detected by an electronic-gateable photomultiplier 

tube (PMT, H10304-20-NF, Hamamatsu; cathode radiant responsivity 78 mA/W at 613 nm) or 

projected onto a digital camera (Lu165M, Lumenera), switched by a moveable 45° mirror. In the 

PMT path, an iris diaphragm (SM1D12D, Thorlabs; Ø 0.8-12 mm) was placed at the conjugate image 

plane for adjustment of the detection aperture, and then the emission light was converged onto the 

photocathode window using a convex lens (f = 50 mm, Thorlabs). The optical filters employed in the 

setup include a UV bandpass excitation filter (U-360, Edmund Optics), a dichroic filter (T400LP, 

Chroma), and a visible bandpass emission filter (ET615/40m, Chroma).  

The PMT was operated at 106 gain (GP) under 0.9 V bias. The output current signal from the PMT 

was converted to voltage signal via a low-noise preamplifier (DLPCA-200, FEMTO) at 

transimpedance of 105 V/A. The signal was further digitised at sampling rate of 200 kHz into the 

analogue inputs of a multifunction data acquisition card (PXIe-6358, National Instruments), which 

also generates the time-gating controls for the UV-LED and the PMT via analogue outputs. The time-

gating controls, data acquisition and processing were carried out using a custom LabVIEW program. 

Test sample preparation. To examine the performance of our tr-mFCM, blank polystyrene beads 

(Fluka; 5 µm in diameter) were doped with Eu(TTFA)3 (i.e. europium, tris[4,4,4-trifluoro-1-(2-

thienyl)-1,3-butanedionato-O,O']-, trihydrate, C24H12EuF9O6S3·3H2O) complexes, following a 

microemulsion method reported previously34. The concentration of the stock sample was measured 

on a commercial flow cytometer (BD Influx) based on forward and side scattering, to be 

approximately 2.4×107 (±7.8%) beads per mL. The Eu beads were mixed with broadband-emitting 

fluorescent particles (CDG1000, Thermo Scientific; 10 µm in diameter) to simulate autofluorescence 

background, which produced similar intensity to the Eu beads when measured with the 615-nm 

bandpass emission filter in our setup.  

Three cells lines, including THP-1 monocytic leukaemia cells (TIB-202, ATCC; ~8-15 µm), DU-145 

prostate cancer cells (HTB-81, ATCC; ~10-15 µm) and C3 bladder cancer cells (provided by 
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Minomic International Ltd; ~5-10 µm) were used for the biological demonstrations. Each cell line 

was separately cultured in 75 cm2 culture flasks containing RPMI 1640 medium (Life Technologies) 

supplemented with 10% (v/v) foetal bovine serum (FBS, Life Technologies), 50 IU/mL penicillin and 

50 μg/mL streptomycin, at 37 °C in a humidified atmosphere with 5% (v/v) CO2. The cells were 

grown to near confluence in the culture flasks, and the freshly passaged cells collected via 

centrifugation were suspended in 300 µL 4% (v/v) paraformaldehyde for fixation and washed with 

phosphate-buffered saline (PBS).  

The suspended THP-1 cells (107 in 1 mL PBS) were mixed with 100 µL Milli-Q water containing 10 

mM BSA-BHHCT (4,4'-bis(1",1",1",2",2",3",3"-heptafluoro-4,6"-hexanedion-6"-yl)-chlorosulfo-o-

terphenyl conjugated with bovine serum albumin) to allow permeation of the chelates for 1 minute, 

before centrifugal wash with PBS for three times to remove the excess chelates. The cells were then 

re-suspended into 200 µL water solution containing 10 mM EuCl3 for 1 minute to form europium 

complexes (BSA-BHHCT-Eu3+), and centrifugally washed to remove the excess Eu3+ ions. The cells 

stained with BSA-BHHCT-Eu3+ were re-suspended in PBS with the concentration measured on 

commercial flow cytometry (BD Influx). Autofluorescence background were introduced by mixing 

the stained cells with the fluorescent particles used above. Similarly, the DU-145 and C3 cells were 

stained with BHHCT-Eu3+ and CDHH(5-(4"-Chlorosulfo-1',1"-diphenyl-4'-yl)-1,1,1,2,2,3,3-

heptafluoro-4,6-hexanedione) -Eu3+, respectively.  

Results & discussion 

Two-dimensional acoustic focusing. An acoustic field exerts forces on small particles in it, which 

has been well described in literature35, 36. By matching the driving frequency of the piezoelectric 

transducer to the dimension of the microfluidic channel, a standing wave is induced in the fluid to 

concentrate particles at the nodes: this approach has emerged as an alternative to the conventional 

sheath-based hydrodynamic focusing for flow cytometry33, 37-40. To generate a single node in the 

middle of the channel, the wavelength of the acoustic wave should be twice of the channel dimension 

(D), so that the piezoelectric driving frequency (f) follows 

 𝑓 =      (1) 

where cm is the speed of sound in the medium, about 1.48×103 m/s in water. Since the channel of our 

chip is 0.58 mm in width and 0.52 mm in height, the driving frequencies are calculated from Eq. (1) 

as 1.276 MHz in the horizon direction and 1.423 MHz in the vertical direction, respectively.  
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The resonance frequencies obtained from Eq. (1) may not generate the best focusing effect due to 

uncertainty in the actual medium sound speed and the channel dimension. To optimise it, we fine-

tuned the driving frequency around the calculated values while imaging polystyrene beads 

(Polysciences; 15 µm in diameter) in the channel, initially at 10 kHz steps and then 1 kHz steps. The 

optimum resonant frequencies were determined as 1.272 MHz and 1.430 MHz for the horizontal and 

vertical directions, respectively. Finally, two-dimensional focusing was achieved using frequency-

shift keying (FSK) modulation of the function generator hopping between the two frequencies at an 

FSK rate of 5 Hz (Figure S1).  

Note that the effect of acoustic focusing depends on the flow velocity and the mass of the target 

particles, which determine the actual force exerted by the acoustic field36, 41. Given the finite acoustic 

field generated by the piezoelectric transducer, when the flow is too fast, particles do not have 

sufficient time to align and settle at the centre of the channel. Therefore, the focusing efficiency 

decreases as the flow velocity increases. For the microfluidic chip used here, the optimum volumetric 

flow rate (Q) was determined experimentally as 10 µL/min (Figure S2), corresponding to flow 

velocity (v) of 0.55 mm/s. This flow rate was used for the rest of the experiments unless otherwise 

specified.  

Time-gated luminescence detection. Eu-containing beads are commonly used for characterising 

time-resolved instruments20, 34, 42, 43. Therefore, we first employed the 5-µm Eu beads prepared above 

as the calibration sample for our tr-mFCM. Under 365 nm UV LED excitation, these beads exhibit 

long-lived red luminescence with peak wavelength around 613 nm and luminescence lifetime about 

250 µs. When injected into the microfluidic channel, these beads were well focused to the centre of 

the channel cross-section before entering the detection aperture. Illustrated in Figure 2a, the overall 

transit time (T) of a bead is determined by the flow velocity (v) and the detection aperture (L) as 

 𝑇 =  𝐿/𝑣 (2) 

In our setup, L = 100 µm, so that T is typically 0.18 s.  

To enable accurate lifetime measurement, we set the repetition rate of the excitation pulses as 500 Hz, 

and each time-gating cycle of 2 ms (TC) was divided into 800 µs excitation window (TE), 5 µs time 

delay (TD), and 1195 µs detection window (TW). TE was determined as the minimum duration to 

saturate the luminescence intensity collected from these beads, and TW was selected to be at least 3-

times of the luminescence lifetime to limit the statistical error in lifetime computation (refer to Figure 

1 in Ref. 8). A bead therefore yields a signal train of decay curves containing N = T/TC time-gating 



7 
 

cycles, which is around 90 in our experiments. Figure 2b shows the actual time-gating sequence 

within one cycle, which was acquired at a sampling rate of 200 kHz. 

It is seen from Figure 2a that the luminescence signal is stronger for time-gating cycles around the 

middle of the signal train, reflecting variation in detection efficiency with respect to the target position 

in the aperture. This is due to the circular symmetry of the excitation intensity and the photon 

collection efficiency, with values maximised at the centre of the objective field-of-view and gradually 

decrease towards the edge. Importantly, this indicates that (acoustic) focusing is indispensable for the 

tr-mFCM to achieve identical measurement condition for each target (i.e. at the centre of the objective 

field-of-view) to maximise the detection accuracy. Focusing also ensures all the targets have similar 

transit time, since the local velocity of laminar flow varies in a microfluidic channel, being highest at 

the centre and decreased to zero at the walls. This is important for identification and resolving of 

overlapped events, as described in the next section.  

Signal processing and analytical throughput. The acquired data was processed using a custom 

algorithm, first to recognise events when the luminescence signal exceeded a predetermined threshold 

for several consecutive time-gating cycles (typically ≥ 10 µV·s integrated signal per cycle). The 

extracted signal train was then processed to determine the luminescence characteristics of each event. 

For the predominating single events, the signal train takes a regular profile as depicted in Figure 3a. 

In such a case, the decay curves in all the time-gating cycles were summed up as one curve, followed 

by mono-exponential curve fitting based on nonlinear least squares to obtain an average lifetime value 

(τ) for the event. The intensity (I) was obtained as the largest area integrated under a single decay 

curve among all the time-gating cycles.  

Due to the wide-field detection scheme, multiple events may reside in the detection aperture at the 

same time (i.e. event overlap), generating signal trains such as those shown in Figure 3b and 3c. 

Assuming the same transit time for all the events upon focusing, an overlap of events (rather than 

clustering) can be identified from the lengthened signal duration (T’) compared with that of single 

events (T) determined by Eq. (2). For T < T’ ≤ 2T, which is likely to result from a two-event overlap, 

a custom curve fitting was performed to divide the whole signal train into two standard profiles 

(summarised from single events), allowing partitioning of the signal train into 3 sections (Figure 3b 

and Supplementary Note S1). The decay curves in the first and last sections were individually 

summed, followed by mono-exponential fitting to obtain the lifetimes (τ) of the two events, 

respectively. Meanwhile, the highest values of the two fitted envelopes gave the intensities (I). 

In practice overlaps containing 3 or more events (Figure 3c) are problematic to resolve, due to 

increased uncertainty in identifying the number of events as well as increased computational 
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complexity for nonlinear fitting. These include some overlaps that failed the custom profile fitting 

(indicated by R2 < 0.95), as well as others with signal duration T’ > 2T. To cope with them, we 

modelled the counting process of individual events entering the detection aperture as a homogeneous 

Poisson process, assuming random dispersion of events in the sample and constant flow velocity 

(Supplementary Note S2). The probability of having n events in the detection aperture (L) at any 

given time is given by  

 𝑃(𝑛) =  
( )

!
𝑒   (3) 

in which C is the sample concentration and A is the cross-section area of the flow channel, respectively. 

We aimed to restrict P(n ≥ 3) below 1‰ of all the events, i.e. P(n ≥ 3)/P(n ≥ 1) ≤ 0.001, so that those 

overlaps can be practically discarded without sacrificing the accuracy of counting and measurement. 

This leads to an upper bound for the product of CAL as 0.076, yielding C ≤ 2.5 × 103 mL-1 being the 

highest sample concentration suited for the current tr-mFCM operating settings (Figure 3d). 

Interestingly, Eq. (3) indicates that the flow velocity does not affect the probability of event overlap, 

whereas the analytical throughput, which is the product of the volumetric flow rate Q and the sample 

concentration C, clearly increases with the flow velocity.  For the current operating settings, the event 

count rate is therefore limited to 25 min-1; approaches to increasing this are discussed in the 

Discussion section. 

A summary of the experimental settings for the tr-mFCM can be found in Supplementary Table S1. 

Evaluation of the tr-mFCM. 10 µL stock sample of the Eu beads was diluted by 10,000 times, 

followed by adding fluorescent particles to simulate autofluorescence background. Triplicate samples 

of 0.2 mL each were measured by the tr-mFCM. For cross-validation, we used the time-resolved 

orthogonal scanning automated microscopy (OSAM) reported previously8, 31, 32 to test another 

triplicates prepared in solid phase (i.e. on glass slides). The OSAM is essentially a time-gated 

luminescence microscope equipped with a motorised stage, enabling rapidly scan of slide samples to 

identify and pinpoint targets-of-interest labelled with long-lived luminescence. The slides measured 

by OSAM were prepared by first diluting the stock sample of Eu beads by 2×103 times with Milli-Q 

water, and then dropping 10 µL of the dilution onto each slide.  

Figure 4a plots the statistics comparing the two methods, which appeared very similar except for the 

total number of events being 4:1 for tr-mFCM to OSAM. Both methods gave narrow lifetime 

distributions for the Eu-doped beads, with mean value around 250 µs and CV less than 3%. Since the 

luminescence detection efficiency was different between the two systems, the acquired intensities 

were normalised against the median of each population, respectively. This shows a high degree of 
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correlation, despite comparatively high amplitude CVs (around 50%) which arise from the variation 

in the Eu doping level of individual beads. The variation in intensity among individual Eu beads but 

consistency in their lifetime was also evident in the time-gated luminescence and lifetime images 

(Figure 4b), which were performed by OSAM using its target retrieval function. Note that the 

presence of fluorescent particles in the sample had no influence on time-resolved measurements, since 

their short-lived signal was completely time-gated (Figure S3). In fact, samples with and without 

adding fluorescent particles produced the same results by the tr-mFCM (Table S2).  

According to the estimated sample concentration (2.4×107 mL-1 ± 7.8% for the stock solution) 

determined by commercial flow cytometry, the counting efficiency (defined as actual counts over 

estimated number of events; the latter being 480 for tr-mFCM and 120 for OSAM) of the tr-mFCM 

were determined as 96-107%, compared to 92-133% for the OSAM (Figure 4c). The values over 100% 

reflect the uncertainty in conventional flow counting as well as in the sample dilution process. In 

addition, detailed analysis of the signal trains acquired by the tr-mFCM revealed that among all the 

detected events, 92.8% were non-overlap, 4.8% were two-overlap, and the rest contained 3 or more 

overlapped events. This verifies that controlling the sample concentration (as well as the detection 

aperture), as derived from the modelling above, indeed helps limit the probability of highly-

overlapped events that are problematic to resolve, ensuring high detection efficiency for our tr-mFCM 

in practice.  

Demonstration of leukaemia cell detection. The Eu-stained THP-1 cells prepared above were tested 

on the tr-mFCM as a biological demonstration of rare-event detection. The cell concentration was 

first determined using commercial flow cytometry to be around 250 ± 15 cells per mL, followed by 

adding a drop of concentrated fluorescent particles to simulate autofluorescence background. Then, 

two replicates of 0.2 mL samples were analysed by the tr-mFCM, producing scattering plots as shown 

in Figure 5a. The samples passing through the microfluidic chip were also re-collected and put onto 

a glass slide for observation using the OSAM in both epi-luminescence and time-gated luminescence 

modes (Figure 5b). 

As summarised in Figure 5c, the two replicates yielded very similar results, with mean lifetime around 

400 µs and lifetime CV about 5%. The different lifetime compared to that of the Eu beads results 

from the actual chelates used (BSA-BHHCT vs. TTFA), which validates the multiplexing capability 

using the temporal domain. The lifetime CV of the stained cells was slightly higher, which may be 

ascribed to varied intracellular environment of individual cells, whereas the beads environment is 

highly consistent for the incorporated Eu probes. The intensities again have large variation, which is 

perhaps not surprising given the common heterogeneity in cell populations. However, this did not 
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affect accurate counting results, with 54 and 47 cells found in the two replicates, respectively. These 

were consistent to the estimated number based on conventional flow counting (50 ± 3 cells), again 

confirming the high detection efficiency of the tr-mFCM regardless of autofluorescence background.  

Demonstration of lifetime-multiplexed detection. Finally, we implemented the tr-mFCM in a 

preliminary demonstration for simultaneous detection of two cell types based on different 

luminescence lifetimes. DU-145 prostate cancer cells and C3 bladder cancer cells were stained with 

BHHCT-Eu3+ and CDHH-Eu3+ complexes, respectively. A slide sample containing both stained cells 

were examined under the OSAM (Figure 6a), showing that in general the BHHCT-Eu3+ labelled DU-

145 cells were brighter and exhibited longer luminescence lifetimes in comparison to the CDHH-

Eu3+ labelled C3 cells.  

We then mixed the two stained cell types into PBS, with triplicate samples of 0.2 mL each undertaking 

tr-mFCM measurement. Two clusters of events were obtained, which were clearly separated by both 

the luminescence lifetime and the intensity in quadrant gates (Figure 6b). As summarised in Figure 

6c, around 430 events were detected in each replicate sample, with 45.2% of the total detected events 

located in Q1 and 49.0% in Q3. Comparing to the imaging results, the events in Q1 and Q3 were 

thought to be DU-145 and C3 cells, respectively, whereas the rest events in Q2 and Q4 remained 

ambiguous but accounted only for 5.8%. The results were highly consistent with the estimated cell 

numbers based on commercial flow cytometry counting, which suggested 180±25 DU145 cells and 

208±19 C3 cells in each replicate. The ambiguous events were possibly due to the heterogeneity 

among individual cell populations, as well as potential aggregations or debris, suggested by the 

substantial intensity CVs (70~80%). Meanwhile, the lifetime CVs remained low at 2~6%, which 

proved the reliability of tr-mFCM for lifetime measurement and multiplexing.  

Conclusions 

We have developed a time-resolved microfluidic flow cytometer (tr-mFCM) capable of detecting 

micro-sized targets labelled with long-lived luminescent probes, and accurately measuring their 

lifetime in the flow. Here, implementation of two-dimensional acoustic focusing is instrumental, 

because a) it allows slowing down of the flow in order to capture the entire luminescence decay for 

accurate lifetime measurement; b) it ensures optimum detection efficiency by aligning all the targets 

to the centre of the aperture, thereby achieving high counting efficiency approaching 100%; and c) it 

yields similar transit time for each target, to be able to resolve overlapped events through the custom 

profile fitting. The method and the system have been validated using Eu-doped microbeads and Eu-

stained leukaemia cells, achieving lifetime CV of 2.2% and 5.0%, respectively, regardless of 

autofluorescence interference presented in the sample.  
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The analytical throughput of the tr-mFCM can be improved further by increasing the flow rate, which 

is currently limited by the acoustic focusing efficiency of the microfluidic chip. This will require a 

larger, more powerful piezoelectric transducer capable of being driven at higher voltage36, 39. As long 

as focusing is faster enough, the flow rate can be substantially increased by 20 folds, leading to 20 

times higher throughput (i.e. to 500 particles per minute). The increased flow rate will also reduce 

the transit time proportionally given the same detection aperture, which reduces the number of time-

gating cycles in the signal train to 9 for each single (non-overlap) event. Further increase of the flow 

rate, reducing the number of cycles even more, begins to affect the accuracy in measurement and 

resolving of event overlap; otherwise, the detection aperture has to be opened up proportionally. 

Where the probability of event overlap needs to be maintained, sample concentration needs to be 

reduced proportionally, which in the end offsets any benefit of further increase in the flow rate on the 

analytical throughput. Nevertheless, this limitation can be circumvented using a multi-element array 

detector, which can resolve overlapped events if it monitors different sections along the flow. Another 

approach may be to employ multinode acoustic focusing44, 45, so that flow detection and analysis can 

be conducted in parallel streams.  

The tr-mFCM technique offers new opportunities for lifetime-based biosensing and multiplexing 

employing luminescent probes with µs-to-ms lifetimes. Since the actual multiplexing is realised 

through software rather than hardware, it considerably simplifies the physical instrumentation and 

lowers the overall cost compared to conventional spectral-based flow cytometry, eliminating the need 

of multiple lasers, filters and detectors required for different colour channels. As demonstrated here, 

the lifetime CVs of beads and cells stained with Eu probes are only 2~6%, ready to be discriminated 

against each other with low crosstalk. Theoretically, provided that the luminescence lifetime can be 

engineered anywhere in the microsecond range (1-1000 µs) with CV no higher than 5%, it should be 

feasible to resolve 10-multiplexed populations with error rate below 0.3% (i.e. ±3σ). While europium 

chelates were used in this work, other lifetime-engineered luminescent probes such as lanthanide-

doped upconversion and down-shifting nanoparticles9, 46 are also compatible to the tr-mFCM, simply 

by changing the light source and the filters. Taking all the advantages, we believe the tr-mFCM 

technique is ideal for resource-scarce environment, field works in regional areas, and point-of-care 

diagnosis, with potential applications including blood/urine tests for humans and animals, as well as 

screening microorganisms in water/beverage samples20, 31, 47.  
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Figure 1 | The acoustic-focusing microfluidic time-resolved flow cytometer. (a) Diagram and (b) 

photo of the system. (c) Image of 15-µm polystyrene beads in the presence of acoustic focusing. Scale 

bar: 20 µm. 

  



 

Figure 2 | Configuration of time-gated luminescence detection in the tr-mFCM. Schematics of 

(a) one target passing the detection aperture, generating a signal train of luminescence decays, and 

(b) time-gating sequence in one enlarged cycle. Definitions of the symbols are described in the main 

text. 

  



 

Figure 3 | Event overlap in the tr-mFCM. Example signal trains of (a) single event, (b) two-event 

overlap, and (c) three-event overlap. (d) The value of P(n ≥ 3)/P(n ≥ 1) with respect to the detection 

aperture and the sample concentration. The blue cross marks the actual setting in our experiment.  

  



 

Figure 4 | Evaluation of the tr-mFCM, which measures Eu beads against fluorescent particles, 

alongside cross-validation results using OSAM. (a) Scattering plots and histograms. (b) Time-

gated luminescence image of the Eu beads (upper panel) and pseudo-colour lifetime image (lower 

panel) taken by OSAM. Note that short-lived fluorescence particles have been time-gated. Scale bar: 

20 µm. (c) Comparison of key results between tr-mFCM and OSAM.  

  



 

Figure 5 | Detection of Eu-stained THP-1 cells among fluorescent particles. (a) Scattering plots 

of two replicate samples. (b) Epi-fluorescence (upper panel) and time-gated luminescence (lower 

panel) images taken by OSAM. The Eu-stained cells are visible in both modes, whereas the short-

lived fluorescence has been effectively time-gated. Scale bar: 10 µm. (c) Summary of key results.  

  



 

Figure 6 | Lifetime-multiplexed detection of Eu-stained DU-145 and C3 cells. (a) Time-gated 

luminescence image (upper panel) and lifetime image (lower panel) of the mixed cells. DU-145 cells 

appear larger, brighter, with longer lifetimes around 480 µs; whereas C3 cells are dimmer with 

lifetimes around 380 µs. (b) Scattering plots measured from three replicate samples, together with 

histograms of all the detected events. (c) Summary of statistics for DU-145 cells (Q1) and C3 cells 

(Q3).  

 




