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Fluorescence and, more generally, photoluminescence enable high contrast imaging of targeted regions of interest
through the use of photoluminescent probes with high specificity for different targets. Fluorescence can be used for rare
cell imaging, however this often requires a high space-bandwidth product: simultaneous high resolution and large field
of view. With bulky traditional microscopes, high space-bandwidth product images require time-consuming mechanical
scanning and stitching. Lensfree imaging can compactly and cost-effectively achieve a high space-bandwidth product
in a single image through computational reconstruction of images from diffraction patterns recorded over the full field
of view of standard image sensors. Many methods of lensfree photoluminescent imaging exist where the excitation
light is filtered before the image sensor, often by placing spectral filters between the sample and sensor. However,
the sample-to-sensor distance is one of the limiting factors on resolution in lensfree systems and so more competitive
performance can be obtained if this distance is reduced. Here we show a time-gated lensfree photoluminescent imaging
system that can achieve a resolution of 8.77 µm We use europium chelate fluorophores because of their long lifetime
(642 µs) and trigger camera exposure approximately 50 µs after excitation. Because the excitation light is filtered
temporally, there is no need for physical filters, enabling reduced sample-to-sensor distances and higher resolution.

I. INTRODUCTION

Lensfree on-chip imaging can achieve resolutions com-
parable to lens-based microscopes, but over larger fields of
view and often in more cost-effective and smaller systems.
Base components of a lensfree microscope comprise only a
light source and an image sensor1. The imaging is done
computationally, eliminating the need for expensive high NA
aberration-corrected lenses or objectives1. Large field of view
imaging without the need for mechanical scanning and im-
age stitching is advantageous in pathology for imaging sam-
ples such as blood smears or histological tissue slices. Such
microscopic imaging is the gold standard for diagnosing a
number of diseases, including malaria and various forms of
cancer. In many cases, the important features of interest are
limited or sparsely distributed throughout the sample2. Flu-
orescent imaging can highlight many of these rare features
through chemically labeling features of interest3,4. High-
resolution fluorescent or photoluminescent lensfree imaging
could enable better cytometry and virometry5–10, biomolec-
ular assays11–14, or neural imaging15–20. However, achiev-
ing high resolution in photoluminescent lensfree imaging has
remained a challenge because the incoherent nature of the
emission precludes the use of holographic reconstruction or
phase recovery techniques that have been used to reconstruct
coherent lensfree images with wavelength-scale, or smaller,
resolution21–23.

For incoherent lensfree imaging, the smallest resolvable
spot is approximately 2z2, corresponding to the full width at
half maximum of the intensity radiated by a point source im-
aged across a perpendicular sensor plane at a distance of z2.
For high resolution, it is desirable to minimize the sample-
to-sensor distance so that the diffracted spot is as small and
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bright as possible5,24. In standard fluorescence imaging, a
spectral emission filter is placed somewhere between the sam-
ple and camera to exclude excitation light because the fluores-
cent emission is generally many orders of magnitude weaker
than the excitation. In lensfree imaging, some method of exci-
tation exclusion remains necessary, but the thickness of emis-
sion filters increases z2, lowering resolution. Other complica-
tions of spectral filters in lensfree imaging include autofluo-
rescence from the filter in the case of absorption filters, and
angle-dependent transmission in the case of interference fil-
ters. Because light is emitted in all directions from the fluo-
rophore and z2 is small compared to the image sensor active
area, much of the emitted light would impinge on the interfer-
ence filter at a high incidence angle, where the spectral tran-
simission is different from that for normally incident light.

Various hardware configurations can mitigate these chal-
lenges. As absorption filters are not angle dependent, they
have been used in isolation in lensfree systems5,16,25–29. In
these cases, high-performance custom filters are often used
that have stronger absorption and smaller thicknesses than
standard absorption filters, with minimal autofluorescence.
More rarely, interference filters can be used in isolation9,30,
although the angle-dependent transmission property of such
filters limits performance. Often, the two types of filters are
combined so that the absorption filter blocks high-incidence
angle excitation while the interference filter blocks any aut-
ofluorescence from the absorption filter together with any
normal-incidence excitation that leaked through the absorp-
tion filter17–20. But the combination of multiple filters even
further exacerbates the large z2 distance, reducing resolu-
tion. Fiber-optic plates (faceplates) can be inserted into
the optical train to allow for a larger z2 without degrading
resolution6–8,15,31–34. The array of waveguides in the fiber-
optic plates guides the image without diffraction and, due to
the limited numerical aperture of the fiber optics, also limits
the transmission of high-incidence light. Particularly small z2
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values can be achieved by microfabricating spectral filtration
structures directly on the image sensor, such as angle-sensitive
gratings17,30 or silo filters that guide light to each pixel26. Any
of the above approaches can be combined with prisms or glass
hemispheres before the sample to deliver the excitation such
that total internal reflection of the background excitation re-
duces the amount of excitation light that reaches the image
sensor5,27,30,32,33.

Most of the fluorescent lensfree imaging techniques
discussed above have resolution in the range of 10–50
µm5,7–9,15–18,26,27,32,34, while a few have significantly poorer
resolution at 500 µm25,30, and several have resolution in the
range of 1.2–9 µm19,20,28,29,33,35. All of these examples of res-
olution better than 10 µm rely on computational techniques
to improve the resolution significantly beyond the hardware-
alone limit of ∼ 2z2. These techniques include compressive
sampling to localize sparse source points33,35, scanning of
an excitation Talbot spot array29, as well as micro or nano-
structured phase and/or amplitude masks that introduce a
shift-variant point spread function that can be later decoded
assuming a prior calibration step19,20,28,35. Some compact
lens-based fluorescence imaging devices have utilized shift-
invariant point spread functions (PSFs) using a microlens ar-
ray to achieve resolutions as low as 7 µm36.

Here, we present a novel hardware approach for rejecting
the excitation light in lensfree imaging that relies on time-
gated photoluminescence (Figure 1), which has been used in
conventional lens-based microscopy37. Time gating removes
the need for any optical components between the sample and
sensor, enabling smaller z2 distances, which can lead to im-
proved resolution. Here we demonstrate 8.77 µm resolution
without any complex computational approaches to improve
resolution. By combining our approach with computational
techniques like those above, we could achieve better resolu-
tion in future work. Time-gated photoluminescence imaging
is a means for overcoming tissue auto-fluorescence34 as well
as increasing image contrast38 by eliminating any scattered
light from the excitation source. Many long-lifetime probes
have been developed for time-gated imaging with photolumi-
nescent lifetimes on the order of microseconds39–42.

Other important time-gated photoluminescent imaging
modalities include fluorescence lifetime imaging microscopy
(FLIM)43,44 and time-gated fluorescence correlation spec-
troscopy (FCS)45, which utilize fluorescence lifetimes to dis-
tinguish different probes. Like lensfree imaging, wide-field
illumination has been used for large FOV imaging in FLIM46

and FCS47. To achieve wide-field images for FLIM, light
sheet illumination has been used to excite probes over the
whole extent of the sample such as such as C. elegans or can-
cer cell spheroids46. For FCS, single plane illumination flu-
orescence microscopy (SPIM) has been combined with FCS,
utilizing light sheet illumination in a single plane to image
samples in different z-planes47. Cameras such as EMCCDs
and CMOS sensors have also been used for imaging FCS47–49.
However, for the low-light and fast-time scale experiments
done using FCS, such as diffusion coefficient and concentra-
tion measurements, camera characteristics have to be consid-
ered such as noise and frame rate to ensure the accuracy of

measurements48,49.

The combination of application specific long-lifetime
probes and the elimination of sample auto-fluorescence en-
abled time-gated photoluminescence to provide further in-
sight into cell dynamics, such as single tumor cells in the
bloodstream50,51 and live cancer cells52.Time-gated photolu-
minescence imaging also has other applications, such as for
use in tomography53. We demonstrate lensfree time-gated
imaging of europium chelate nanoparticles with a lumines-
cence lifetime of ∼600 µs deposited on a resolution target.
However, this system can be adapted for use with other long-
lifetime luminescent probes such as lanthanide chelates and
lanthanide-doped nanocrystals with lifetimes ranging from µs
to ms39 or porous silicon nanoparticles with a lifetime of 5-
13 µs34. Lanthanide doped nanoparticles can be used for
probing human cervical carcinoma (HeLa) cells39 or cellular
mitochondria54 and porous silicon nanoparticles can be used
for screening ovarian cancer34.
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FIG. 1. Experimental lensfree time-gated photoluminescence setup.
(a) Photograph. (b) Diagram.

Currently, the closest application of time-gated pho-
toluminescence to lensfree imaging uses single photon
avalanche diode (SPAD) arrays for applications such as neu-
ral imaging55, or fluorescence lifetime imaging56. But these
arrays are typically quite small in number with large pitch,
e.g., an 8 × 64 array with 25 µm pitch, resulting in rela-
tively low resolution, e.g. 63 × 26 × 51 µm voxel size for
the smallest resolvable spot55. Lens-based SPAD imaging ex-
ists and improves collection efficiency of each pixel with a
microlens57, a variable important for high-speed58 low-light
imaging. There are also lens-based SPAD imaging systems
that combine FLIM and FCS59,60. However these systems
lack the compact form-factor of lensfree SPAD imaging de-
sirable for in-vivo imaging. Here we show a time-gated lens-
free photoluminescence imaging system using a CMOS sen-
sor that has the benefits of a much larger pixel count (3.2
MP), with small pixel size (3.45 µm) over a large field-of-
view (7.06 x 5.3 mm). This field-of-view is comparable to
most other lensfree microscopes, which are based on mass-
produced CMOS sensors.
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II. METHODS

A. Photoluminescent Nanoparticles

The photoluminescent probes used were 300 nm diame-
ter spherical particles (Fluoromax ThermoFisher 2947-0701-
011150, Bangs Lab FCEU003) doped with europium chelate
(EC), λexcitation = 330–340 nm and λemission = 610–620 nm,
which are fluorophores with long lifetimes on the order of 0.5
ms61. The long photoluminescence lifetime compared to the
typical few nanosecond lifetime of most fluorophores relaxes
the timing tolerances for time-gating and improves the image
signal-to-noise ratio (SNR) as there is a large window over
which to collect emitted photons. Due to the lifetime of the
fluorophore being on the order of hundreds of µs, we use the
term photoluminescence.

B. Excitation source

Figure 1 shows the components used for the lensfree imag-
ing portion of the experiment. An elliptical reflector (Edmund
# 68-797) was used to maximize collection efficiency of the
spark lamp (Nanolite KL-M) emission that is directed onto
the sample and used to excite the EC, beyond the more lim-
ited collection efficiency offered by a lens. A bandpass excita-
tion filter (Edmund # 86-981), ∆λ = 333-381 nm, was placed
between the spark lamp and the sample to reduce the back-
ground from blackbody emission from the electrodes of the
spark lamp that result from heat generated by the spark. This
blackbody emission occurs over a relatively long timescale
and cannot be rejected by microsecond-scale time gating, as
shown in Section III A.
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FIG. 2. Spectral curves for europium chelate (EC) imaging. All
curves are normalized to a peak value of 1. EC excitation and emis-
sion data are from reference62. Spark lamp excitation source data
are from reference63. Filter data are from reference64. Image sensor
quantum efficiency (QE) data are from reference65.

C. Camera

A monochrome machine vision camera (FLIR CM3-U3-
314SM-CS) was used to image the emission from the
nanoparticles. The coverglass was removed from the cam-
era by the company Pacific X-ray in order to minimize z2. A
thermoelectric cooler (Adafruit 1335) was placed under the
camera to keep it between 29◦C–46◦C in order to reduce ther-
mal noise. A design goal of this work was to keep the system
as low-cost and comprised of as many off-the-shelf parts as
possible and so although bulky, the thermoelectric cooler was
used for its low cost, availability, and sufficient performance.

D. Spectral Considerations

Figure 2 shows the relevant spectra for EC imaging. EC is
most efficiently excited in the near UV, around 350 nm, while
its emission is predominantly narrowband at 610 nm. Our
spark lamp excitation source peaks in the near UV, matching
well with the EC excitation spectrum. The excitation band-
pass filter is used to reject visible and IR light from the source,
which would have provided little EC excitation and also con-
tributed to a long tail of background emission from the spark
lamp due to blackbody radiation, as discussed in Section II B.
The quantum efficiency curve of the image sensor overlaps
well with the EC emission, while showing reduced sensitivity
to the UV excitation, further aiding image contrast.

E. Time-Gating

The emission from the luminescing nanoparticles was fil-
tered in time from the spark lamp excitation by delaying the
start of the camera exposure from the start of the spark lamp,
as shown in Figure 3. An image capture sequence was initi-
ated by a pulse from an NI-DAQ (782602-01) to a pulse de-
lay generator (DG535) to initiate two subsequent pulses: one
pulse to trigger the spark lamp (output A) and another pulse to
trigger the camera exposure (output B). To exclude the exci-
tation light from the captured frame via time-gating, the nec-
essary delay between output B and output A depended on the
pulse width of the light emitted from the spark lamp as well as
electronic delays inherent to the spark lamp controller and the
camera interface board. The spark lamp had a quoted pulse
width of 11 ns, but blackbody emission from the electrodes
of the spark lamp exhibited a much longer tail (tens–hundreds
of microseconds) due to heating resulting from the spark. Al-
though weak compared to the primary pulse, this emission tail
was long enough to introduce unwanted background signal
into our images unless filtered correctly. As described above,
we used a UV bandpass filter to effectively shorten the tail
of the spark lamp emission without significantly reducing the
excitation efficiency of the photoluminescent particles.

Another aspect of time-gating systems necessary to con-
sider is that the intensity of the excitation source is often at
least an order of magnitude higher than the photoluminescent
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FIG. 3. Timing diagram for time-gated imaging (not to scale). The jitter noted in front of the spark lamp and camera curves describes the
range of timing delays due to the electrical response of each device’s internal circuitry.

emission from the sample. Any light from the spark lamp in-
cident on the camera would saturate the sensor, leaving any
recorded photoluminescence emission indistinguishable. To
mitigate this, the delay between the trigger pulse and start of
the exposure had to be measured as well as the jitter on the
start of the exposure. For the camera used, a jitter of 20-30 µs
was measured.

III. RESULTS & DISCUSSION

A. Timing optimization

The magnitude of the unwanted IR emission can be inferred
from the difference between the two curves in Figure 4a, cor-
responding to the apparent decay of the spark lamp with and
without the UV bandpass filter between the source and the
camera. The exposure time for these experiments was 5 ms,
which is effectively infinity with respect to the time scale of
the spark lamp pulse (manufacturer’s specification of 11 ns)
and europium chelate lifetime (∼500 µs). For each curve, the
beginnings and tails of the curves are separately fit to expo-
nential decays:

y = Ae−t/τ (1)

The domains of these fits and resulting time constants τ are
shown in Table I. Note that the experimental data measures
the integrated light energy over the exposure, and not the in-
stantaneous light intensity. However, both quantities share
the same time constant, assuming an exponential decay. At
short times, the recorded emission from the spark lamp decays
faster with the bandpass filter (τ = 1.38 µs) than without the

filter (τ = 3.98 µs), as the thermal emission is filtered out, en-
abling a shorter delay time between the spark lamp pulse and
the start of the camera exposure, resulting in a greater num-
ber of collected photoluminescence emission photons. With
the filter in place, the observed excitation rapidly reaches the
noise floor of the image sensor, as desired.

The time at which the emission from the spark lamp be-
comes negligible was determined using Figure 4b, which
compares the emission from the bandpass-filtered spark lamp
with the emission from the EC. These values are plotted in
terms of SNR:

SNR =
µs −µb

σb
, (2)

where µs is the mean signal value, µb is the mean background
value, and σb is the standard deviation of a background image.
For the excitation curve, the signal image was acquired with-
out any sample between the light source and the image sensor.
The background images are acquired where the spark lamp is
disconnected. These are important for removing noise inher-
ent to the sensor, i.e. dark current. Background and signal
images were time-matched from the start of the experiment
because the time-gated system becomes more thermally sta-
ble and less noisy over time. To better measure the decay of
the source at long time scales, the measurements in Figure 4b
were acquired with a high-dynamic range camera (PI-MAX 4
Teledyne Princeton Instruments), whereas all the other mea-
surements presented in this paper were taken with the machine
vision camera described in Section II C.

The spark lamp SNR is at least an order of magnitude
smaller than the EC SNR for t > 50 µs, and so a 50 µs delay
was programmed into the system and used for all following
images. However, due to camera jitter, the true delay could
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FIG. 4. Excitation and emission lifetimes. (a) Light energy collected
by the image sensor as a function of the delay between the spark lamp
pulse and the start of exposure, with and without a UV bandpass filter
placed between the light source and the sample. (b) SNR of light
collected by the image sensor as a function of the delay between the
spark lamp pulse and the start of exposure. The UV bandpass filter
was in place for both curves, but only the europium chelate curve
was acquired using a sample with photoluminescent particles. (c)
Lifetime of EC from measured time constant τ = 642 in Table I using
equation (1).

TABLE I. Decay time constants resulting from exponential fits.

Fig. 4
panel

Source UV bandpass
filter in place

Time Range [µs] τ [µs]

a Spark lamp ! 5.85–11.18 1.38
a Spark lamp ! 17.30–116.35 500.
a Spark lamp × 10.15–15.81 3.98
a Spark lamp × 69.65–135.19 120.
b Spark lamp ! 10.50–15.50 1.45
b Spark lamp ! 136.00–301.00 168
b Europium chelate ! 8.00–19.50 3.82
b Europium chelate ! 30.50–301.00 642

Lensfree Image Deblurred Lensfree Image

Lensfree Image Deblurred Lensfree Image

a) b)

c) d)

FIG. 5. Resolution characterization. a) Image without any deblur-
ring algorithm. b) Panel a) with a Lucy-Richardson deblurring filter
applied in MATLAB. c) Panel a) zoomed in to show Group 5. d)
Panel b) zoomed in to show improved resolution of Group 5. The
scale bars in a) and b) are 2 mm and the scale bars in c) and d) are
250 µm.

vary by a few tens of microseconds. An output pulse from the
camera was monitored to determine the true delay for each
image. The lifetime of the EC emission was found from the
exponential fit at long decay times to be 642 µs, which is con-
sistent with the estimated lifetime of 500 µs quoted in the data
sheet62. The apparent short lifetime at delay times less than
20 µs is an artifact of the spark lamp excitation that remains
strong at these short delay times.

B. Resolution

The image resolution was characterized using an opaque-
background USAF 1951 resolution target (Edmund Optics).
The target was made photoluminescent by coating one side
with a dense layer of EC particles. This side was then placed
facing the image sensor. 1000 raw frames with delays of 60–
80 µs were averaged to produce the images in Figure 5. Fig-
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ure 5c shows a close up of Group 5. The contrast of the pat-
tern can be improved via simple deblurring (Figure 5b and d)
performed in MATLAB using the Lucy-Richardson deconvo-
lution method over 10 iterations assuming a Gaussian point
spread function with a size 5× 5 pixels and σ = 5, where σ

is the standard deviation of the Gaussian filter. The full width
at half the maximum of the Gaussian PSF is 12 pixels. The
filter parameters, size and σ , were varied and selected based
on the smallest visually resolvable element of the resolution
target. From these images, the smallest resolvable element is
now Group 5 Element 6 with a line width of 8.77 µm.

C. Image Averaging

For each experiment, 1000 frames were taken and averaged.
Figure 6 shows the impact on the SNR of the average image
as more frames are included Figure 6a shows a fit of the SNR
data to a square-root dependence. A square root function was
fitted, assuming that the signal is uncorrelated to the noise and
that the noise is random with zero mean and constant variance,
causing the averaged noise to become reduced by the square
of the number of images. We attribute deviations between the
experimental data and the fit to thermally-varying noise levels
as the sensor heats up over the first few images and eventually
stabilizes.

D. Sensitivity & Dynamic Range

To demonstrate the dynamic range of the system, samples
of decreasing photoluminescent particle concentrations were
imaged in the time-gated system. Figure 7 shows that sample
concentrations spanning two orders of magnitude can be im-
aged, indicating applicability to more typical low fluorescent
labeling densities.

IV. CONCLUSION

Here we show a time-gated lensfree photoluminescence
imaging system that is able to achieve a resolution of 8.77 µm
over a large field of view (7.06 x 5.3 mm) where the resolution
is maintained across the whole FOV except for a thin border at
the edge of the sensor of width ∼ z2, or approximately 4 µm.
By eliminating all elements between the sample and the sensor
and temporally filtering out the excitation light, we are able to
improve the SNR of the image and consequently the resolu-
tion. The system is currently limited to planar samples. In
future work, the resolution could be improved by implemen-
tation of more computational techniques such as compressive
sensing, which utilizes measurement of the system PSF to es-
timate an image from the blurry image with an l1-regularized
least squares optimization approach33.

Although in its current configuration, this lensfree system
relies on some relatively expensive and bulky components, it
is still cheaper and less bulky than most commercially avail-
able lens-based fluorescence imaging systems and is easily

adaptable to a range of photoluminescent probes. In the fu-
ture, more cost-effective and compact light sources and timing
electronics could be used. The footprint of the timing elec-
tronics could be reduced using a compact pulse delay gen-
erator such as an AeroDIODE TOMBAK. The TOMBAK is
palm-sized, 104 x 95x 28.2 mm, and is capable of pulse delays
as short as 10 ps. The illumination source and elliptical reflec-
tor could be replaced with a smaller illumination source, such
as a NanoLED. Although the NanoLED would restrict the sys-
tem to operating at a single wavelength, NanoLEDs could be
swapped depending on the necessary excitation wavelength.
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