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Abstract: A Point-of-Care system for molecular diagnosis (PoC-MD) is described, combining GaN
and CMOS chips. The device is a micro-system for fluorescence measurements, capable of analyzing
both intensity and lifetime. It consists of a hybrid micro-structure based on a 32 x 32 matrix
addressable GaN microLED array, with square LEDs of 50 um edge length and 100 pm pitch, with an
underneath wire bonded custom chip integrating their drivers and placed face-to-face to an array of
16 x 16 single-photon avalanche diodes (SPADs) CMOS. This approach replaces instrumentation
based on lasers, bulky optical components, and discrete electronics with a full hybrid micro-system,
enabling measurements on 32 x 32 spots. The reported system is suitable for long lifetime (>10 ns)
fluorophores with a limit of detection ~1/4 uM. Proof-of-concept measurements of streptavidin
conjugate Qdot™ 605 and Amino PEG Qdot™ 705 are demonstrated, along with the device ability to
detect both fluorophores in the same measurement.

Keywords: Point-of-Care; multiplex; microLED array; SPAD; fluorescence; lifetime fluorescence;
GaN; CMOS; microLED driver

1. Introduction

During the last decades, the increase in life expectancy has led to a global population
aging, significantly increasing the demand for healthcare services for elderly individuals.
According to the World Health Organization (WHO), this trend of the global population’s
average age rising is anticipated to continue in the years ahead. It is expected that by 2030,
1 in 6 people worldwide will be over 60 years old (1.4 billion), and by 2050, this number
is projected to reach 2.1 billion. Additionally, the number of people over 80 years old is
expected to triple from 2020 to 2050. The expectation is that by 2050, 80% of older people
will live in low- and middle-income countries [1]. In these environments, access to the
health system is difficult due to several factors, including lack of resources, low staff pay,
and lack of equipment and infrastructure, including accessibility of health services or low
levels of education [2]. One outcome of inadequate access to the health system is the delay in
disease diagnosis, which can be critical for saving patients’ lives and preventing the spread
of infectious diseases [3—6]. Moreover, studies indicate that early detection and analysis of
diseases led to a decreased time, cost, and necessity for further diagnostic procedures, for
example, early detection of a disease such as influenza in children presenting with fever at
emergency rooms [7].

The emergence of technologies that enhance efficiency and reduce diagnosis time has
spurred the development of several rapid diagnostic platforms suitable for Point-of-Care
(PoC) applications [8]. With the application of fast diagnostic methods such as PoC devices
for just four common diseases—syphilis, tuberculosis, malaria, and bacterial pneumonia-it
is possible to prevent 1.2 million deaths annually [9,10].
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PoC takes special relevance by bringing the clinical laboratory closer to the patient
and with reduced cost. This is especially relevant since the majority of the population
that would require higher access to healthcare services is located in places with limited
access to these services. The key features of PoC include portability, ease of use, and rapid
result turnaround times. These features enable diagnosis and monitoring of diseases, and
furthermore, management near to the patient, which facilitates personalized therapy and
enhances patient outcomes with a reduced overall cost for the National Health Systems [11].
According to WHO, PoC tests considered appropriate for the delivery of healthcare in
this resource-limited environment should meet the criteria of “ASSURED”, which stands
for Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free, and
Deliverable [12,13].

A PoC device is usually formed by five components: sensing tool, transducer, target,
prove, and signal readout device [14]. PoC devices have been proven to be useful in a
wide range of applications, such as diagnosis of immunological [15], cardiovascular [16],
infectious [12], neurodegenerative [17], and oncological diseases [18]. Moreover, they can
also be used in blood [19], genetic [20], and microbiology testing [21]. All these applications
are performed by different transducers, but the most common and inexpensive one is optics,
specifically imaging analysis by fluorescence [22-24]. There are several PoC devices that use
fluorescence as transduction tools in the literature. The research reports that PoC devices
based on fluorescence have good efficiency and performance, and they aim to improve
the limit of detection (LoD) and miniaturization. In these devices, the most used light
source to produce fluorescence is a laser [25-28]. However, in recent years, the use of Light
Emitting Diodes (LEDs) and microLEDs has been introduced in some PoC devices [29-32].
Additional elements of these PoC are lenses to focus light on the sample and to improve
the detection of light coming from the fluorophores, emission and excitation filters, and
a photodetector.

Fluorescence-based PoCs are typically designed to identify the presence of a specific
substance through intensity measurements. The intensity measurements are performed by
continuously illuminating the sample that is excited by the light. If the targeted analyte is
present, the sample emits fluorescence light red-shifted compared to the original excitation
light. The emitted light is tracked and utilized to measure a biochemical reaction or binding
occurrence, offering high accuracy, sensitivity (capable of single molecule detection), and
precise labeling of biological samples [33]. Nevertheless, fluorescence techniques relying on
intensity measurements are susceptible to misinterpretation because they depend on factors
such as excitation light intensity and fluorophore concentration. It can be found in the
literature that one of the solutions proposed to overcome these limitations is provided by
time-resolved techniques, in which the lifetime or the decay of the fluorophores is measured.
The lifetime of a fluorophore is an intrinsic characteristic of each molecule, and is therefore
independent of the concentration or excitation intensity of the fluorophore [24,34]. In
these measurements, the light source is pulsed, exciting the sample for a specified time.
Once the light source is turned off, it is possible to measure the lifetime of the fluorophore.
A key feature that limits the capability to detect fluorophores lifetimes is the speed at
which the device can turn off the light source, limiting the minimum detectable lifetime.
Moreover, the possibility of detecting fluorophore lifetimes enhances the specificity of
the measurement by time domain discrimination, thus allowing us to discern the light
of interest from the background noise [35]. Furthermore, it allows us to discern between
different fluorophores with overlapping emission spectra but with different lifetimes in
multiplexed assays [36-38].
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In recent years, several advances have been made in PoC devices, especially using
LEDs, since they are less expensive than lasers. Furthermore, the use of LEDs in arrays
allows multiplexing. U. Obahiagbon et al. [39] presented a PoC using an array of 2 x 2
green LEDs to detect antibodies to HPV16 and 18 proteins. In [40], E B. Myers et al.
designed a PoC and performed an assay for the HIV integrase gene, which they were
able to detect at a concentration of 103 copies/uL. J. T. Smith et al. [41] used the device
presented in [39] to measure a disposable 4-site fluorescent microscope slide reader with
high sensitivity for LMIC disease diagnosis. Manzanas et al. [42] developed a rapid
and sensitive multiplexed PoC device capable of simultaneous detection of SARS-CoV-
2 and influenza A HINI viruses in 50 min with the use of a blue LED. In [43], B. Shu
et al. pursued an ultraportable, automated, and multiplexed PoC molecular platform
that can provide screening of infectious pathogens rapidly and with high sensitivity. The
PoC device reported has the possibility to work with 15-channel performing real-time
quantitative detection.

In this work, we present a PoC device that uses a GaN-based microLED array chip, in-
stead of lasers, LEDs, or LED arrays, as an excitation source. By following the trend in LED
platform development and making use of the advances in GaN-based microLED arrays, it
is possible to develop a device with high multiplexity. Specially, the high brightness capa-
bilities of the GaN-based LEDs [44,45] allow them to be a suitable substitute for the lasers
that are typically used in fluorescence PoC devices. Furthermore, their high modulation
bandwidth [46,47] (up to 1 GHz) makes them a perfect candidate for time-resolved fluores-
cence measurements. Therefore, in this work, a PoC device is built with a 32 x 32 matrix
addressable (MA) microLED array and a single-photon avalanche photodiodes (SPAD)
camera as the main components; that the device is able to perform both intensity and
time-correlated fluorescence measurements. Moreover, this device can perform both types
of measurements without any optical components.

In the subsequent sections, we describe the instrument and its components, followed
by a detailed characterization of the device. This includes measurements of fluorescence
intensity and fluorescent lifetimes across varying concentrations of two distinct quantum
dot molecules.

2. Materials and Methods
2.1. Instrument

A device was constructed that enables the acquisition of fluorescence intensity and
facilitates time-resolved experiments to assess fluorescence lifetime (Figure 1a,b). The setup
built for both fluorescence methods is the same. To perform the measurements, the LED
light is pulsed, and time gating is applied before the failing edge of the excitation [48,49].
For intensity measurements, the light measured after the LED is turned off is measured,
thus detecting a fluorophore or background. To perform time-correlated measurements,
the arrival time of the photons is measured, and the lifetime is obtained after processing the
obtained histogram [50]. Thus, when performing the measurements as described, a filter
is not necessary. This allows the setup to increase its miniaturization and reduce its cost,
which are both key factors for PoC devices, following the “ASSURED” criteria. The main
part of the setup consists of a sandwich with the microLED array (Figure 1c) on one side
driven by a custom CMOS chip (Figure 1d) underneath and a custom CMOS SPAD optical
sensor on top. The sample is placed in between using a micromesh. Validation of the
instrument was conducted with two different quantum dots (QD605 and QD705, described
in Section 2.5) with different lifetimes. The quantum dots are deposited in different wells of
a micromesh plate (Section 2.6).
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Figure 1. The schematic view of the setup is shown in (a), and a picture of the setup is in (b). (c) is a
microscopic picture of the array of microLEDs with different LEDs turned on and (d) is a picture of
the CMOS driver wire bonded to the PCB.

2.2. microLED Array

The fabrication of the matrix-addressed LED arrays (Figure 1c) is described in detail
in a previous publication [51]. It consists of 32 x 32 squared LEDs of 50 pm edge length
edge length with 100 pm pitch (Figure 1c). This array is matrix addressable, having all
the anodes in the same column connected and all the cathodes in the same row connected
(Figure 2). This means the LED chip needs only 32 anode connections and 32 cathode
connections to address 1024 LEDs (32 x 32). They were fabricated from standard blue LED
wafers on InGaN/GaN basis, emitting at a peak wavelength of approximately 450 nm.
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Figure 2. Image of the LED chip with the anodes at the right side and the cathodes at the top. As can
be observed in the image, only 32 anode connections and 32 cathode connections are needed for an
array of 32 x 32 LEDs [51].



Biosensors 2024, 14, 264

50f 17

The microLED chip was created by etching fin structures into the GaN film. Coupled
plasma reactive ion etching (ICP-RIE) was used to etch down to the sapphire substrate. A
subsequent wet etch in KOH ensured smoother fin sidewalls and improved passivation. A
Ti/ Au-based metal pad was provided to each cathode on two opposite edges of the chip as
electrical contacts. Subsequently, the trenches in between the array of fins were filled with
the polymer benzocyclobuthene (BCB) that was applied by spin-coating. The following
hardbake is required to cure the BCB. After this procedure, the resin covers the whole array;,
and careful mechanical polishing was used for removal and planarization of the BCB, until
the fin surfaces were exposed again. Subsequently, an SU-8-based insulation layer was
created on the planarized surface, with 32 x 32 openings that define the pixel positions on
the fins. Pd/Au contact pads to the p-GaN were then deposited in the opening of the SU-§,
and metal lines of Ti/ Au were deposited perpendicular to the fins, each connecting a row
of pixels and leading to a contact pad at the two remaining chip edges. Another SU-8 layer
was then applied as encapsulation of the chip.

From matrix addressable LED chips, it is expected that the larger the number of pixels
is, the larger the capacitance to drive is, since the capacitance of every LED per row (or
column) is added to the anode (or cathode) node. This would affect the driving rate of
the LEDs and, for a large number of pixels, a higher current will be required compared
to a smaller number. However, a similar problem affects direct addressable (DA) arrays,
since the resistance of the interconnection between each LED with its driver increases
considerably, causing a similar RC delay [52,53].

2.3. Custom Driver Chip

A chip was produced with the capability of driving the 32 x 32 matrix addressing LED
array. The chip contains 32 anodes (p-contacts) and 32 cathodes (n-contacts) drivers. Each
driver consists of a combination of these two main circuits (one anode driver A; and one
cathode driver B;), both shown in Figure 3b. In MA, to switch on an LED, the associated
row (anode) must be biased positive while the associated column (cathode) is at ground
(Figure 2). The rest of the columns must be biased positive too. First, a column of cathodes
B; (Figure 2) is selected by switching the voltage to 0 V, thus allowing us to drive the LEDs
in that column. Then, the LEDs in each row are turned on and off by switching the anode
drivers A; (Figure 2). These circuits are designed so the critical node is the anode, which
determines the rate at which the LED is charged/discharged.

The driver can operate up to 10 V, thus allowing the LED to provide high optical
power (~30 uW at 6 V [51]). The capability of these drivers to generate driving voltages up
to 10 V also enables the circuit to be used to drive nanoLEDs [54], which usually work at a
higher voltage bias [55] because of the high resistance associated with the interconnection
of the LED with the CMOS [54]. In the matrix addressing LED array of this work, the
driver can turn off an LED in 2 ns (Figure 4), thus allowing this circuit to be used in
time-resolved fluorescence.

Each anode driving pixel measures 572 x 95 pum? and contains a low-voltage short
pulse generator (Figure 3a) and the high-voltage driving circuit (Figure 3b M5-MS8). The
cathode driving pixel measures 175 x 115 um?, has the low-voltage short pulse generator
(Figure 3a), and the high-voltage driving circuit (Figure 3b M9-M12). The short-pulse
generator consists of an AND gate between an external input signal (Trig) and its delayed
and inverted version. The width of the pulse (PA for the anode and PC for the cathode)
is controlled by a bias voltage (V};;;) that changes the resistance of M4. To allow longer
pulses, M2 is driven by an enable (En) signal, which disables the circuit, allowing the use
of an external signal to drive the LED. The anode driver consists of a level shifter (M5
and M6) and a high voltage inverter (M7 and M8) with a high W/L ratio that allows fast
charge/discharge of the LEDs. The cathode driver consists of a level shifter (M11 and M12)
and a high-voltage inverter (M9 and M10).
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Figure 3. Short pulse generation circuit (a) and the anode and cathode driving elements (b). The
anode and cathode driving circuits are composed of high voltage output buffers (M7-MS8 for the

anode driver and M9-M10 for the cathode driver) and level shifters (M5-M6 and M11-M12) with a
NAND gate per driver to select the specific LED.
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Figure 4. Driving circuit turning off a microLED for different bias voltages. It can be observed that the
turn off time is the same for all the bias voltage, therefore making the circuit speed robust to changes
in the driving voltage of the LEDs. The y axis (Counts) represents the optical intensity captured by
the SPAD sensor.

To measure the response time of the fluorophore and to calculate its decay time
constant (or lifetime), the sample must be excited with a light source that is able to turn
off as fast as possible. The faster the driver can turn off the light source, the shorter the
decay times of the fluorophores the device would be able to measure. Figure 4 shows the
results of performing time-correlated single photon counting with single LED pulses to
observe its rapid response. To conduct such measurements, the SPAD camera described in
the following section was used. As can be observed in Figure 4, the CMOS driving circuit
is designed to be able to perform fast transitions, thus enabling it to harness the rapid
response that GaN LEDs provides. In this case, it is proven that the LED can be turned
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off in the 2 ns range for all the bias voltages (calculated from 90% to 10% of the maximum
signal), which allows the device to perform detections of fluorophores with lifetimes down
to the range of several ns.

2.4. SPAD Camera

Details about the custom CMOS SPAD camera, designed in Barcelona, Spain, and
manufactured by Austria MicroSystems, Premstaetten, Austria, can be found in a previous
publication [56]. It was manufactured in a 0.35 pm High-Voltage (HV) CMOS process. The
camera consists of 16 x 16 circular SPAD sensors with 10 pm diameter and a pitch of 70 um.
The camera has low noise, with a Dark Count Rate (DCR) below 1 kHz for 90% of the
pixels at the working conditions (19 V breakdown voltage, with an overvoltage of 1.3 V).
However, for the experiments performed here, one pixel is selected with a DCR of only
300 Hz. The Photon Detection Probability (PDP) of the chip is 12% centered in 570 nm. For
timing measurements, a SPAD sensor provides a time resolution in the order of ps [57,58].
Acquisition in this work is performed with an external FPGA (ZedBoard Zynq.7000, pur-
chased from Digilent, Pullman, WA, USA [59]) with a minimum bin resolution of 68 ps and
a maximum number of bins of 6402 [60].

2.5. Fluorescent Particles

QDot® 605 ITK™ Streptavidin [61] and QDot® 705 ITK™ Amino PEG [62], referred to
as QD605 and QD705, respectively, were both purchased from Life Technologies, Waltham,
MA, USA. D705 is equipped with amine-derivatized polyethylene glycol (PEG) ligands
covalently bonded to an amphiphilic coating, which enhances their water solubility and
facilitates the conjugation of biomolecules. This conjugation is enabled through the reactive
amino groups via N-hydroxysuccinimide (NHS) esters. QD605 is comprised of a biotin-
binding protein linked to a fluorescent label. Due to its high affinity for biotin, streptavidin
in QD605 is typically used with biotinylated conjugates for the targeted detection of various
proteins, protein motifs, nucleic acids, and other biomolecules.

The maximum emission peaks for QD605 and QD705 are in 605 nm and 705 nm,
respectively. Both are excited in the UV but have a reasonable excitation, with maximum
emission at 450 nm for the LEDs used in this work around 20%. QD605 has an expected
lifetime in the order of 32 ns, reported by J. Canals et al. [24]. QD705 has an expected
lifetime of around 80 ns, as reported in [63] by S. Bhuckory et al.

2.6. Micromesh

To distribute the fluorophores in known distance zones, a micromesh was used. The
micromesh was purchased from Tebu-bio Spain S.L., Barcelona, Spain [64]. Microwell
diameter is 250 pm with 500 pm pitch. In the experiments, a volume of 5 nL. QD was loaded
in selected microwells of the micromesh.

3. Results
3.1. Intensity of Fluorescence Measurements

For fluorescence intensity measurements, the LEDs were initially calibrated to provide
the same optical output, measured as 150,000 counts in the SPAD. The SPAD sensor
measured 255,000 times, with windows of detection of 200 ns for each LED. In Figure 5,
we present the map of the intensity the LEDs have at 6 V bias voltage (Figure 5a) and the
equalization for 150,000 counts (Figure 5b).
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Figure 5. LEDs at 6V bias voltage (a) without any calibration. Each LED emits different power. In (b)
all the LEDs were calibrated to 150 kcounts. In (b) there are visible non-working LEDs.

With the LEDs calibrated, the experiment was performed. A micromesh with QD605
placed in two microwells was positioned on top of the microLED array. The measurement
for each LED was performed for 2 ms. In this period, the LED was pulsed 10,000 times.
First, the LED was switched on for 130 ns to excite the fluorophore. Then, the LED was
switched off and the SPAD was activated to measure the light emitted by the fluorophore.
The SPAD sensor was activated 3 ns after the LED was turned off. Figure 6 shows the
intensity emitted by the QD605 after exciting the 32 x 32 LEDs one by one. QD605 was
detected in the two microwells as it is shown in Figure 6, such that there are five LEDs
under every microwell. As can be observed, the only place where QD605 is detected is in
the orange areas, corresponding to two crosses formed by the LEDs, where the microwells
contain samples. The number of counts measured in the areas where QD605 was deposited
is in the range from 950 to 1050. On the other areas, the number of counts measured is
lower than 150. So, the device can discriminate areas with QD605 at concentration of 1 pM
at low volumes (5 nL).

0
5
10
15
20
25
30

0 5 10 15 20 25 30

[

0 500 1000
Counts

Figure 6. Image acquired by the device, where QD605 is detected in the orange areas (above
1000 counts in each one). The other part of the image corresponds to absence of QD605.

Moreover, to test the capabilities of the device, different concentrations were measured
for both QD605 and QD705, with the device being able to achieve a LoD of 1/4 uM. As
can be observed, at 1/8 uM, the same number of counts are detected as in the Instrument
Response (IR), i.e., the background counts when there is no fluorophore (Figure 7).
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Figure 7. Intensity obtained in different measurements for different concentrations of QD605
and QD705.

3.2. Time-Correlated Fluorescence Measurements

Time-Correlated Single Photon Counting (TCSPC) was used to acquire temporal
information. This method consists of exciting the sample with a pulsed light source. After
each excitation pulse, one of the photons emitted by the fluorophore can be detected by
the SPAD sensor, which stays inhibited after the detection. The arrival time of the photon
is then measured and catalogued in the corresponding histogram bin. By repeating this
method several times, a histogram that represents the decay curve of the fluorophore can
be reconstructed. The number of times the measurement was performed is one million,
with an exposure time of each measurement of 200 ns, which makes a total exposure time
of 200 ms. In this case, the number of photons detected never exceeds 5% of the total
number of measurements performed (1 million measurements, maximum of 50,000 counts)
in order to avoid pile-up effects [65]. In this work, the maximum counts detected for 1 uM
concentration is 15,000 counts, so it can be assured that pile-up effects would not affect
the device.

Figure 8 shows different reconstructed histograms corresponding to the two different
fluorophores and a measurement of the Instrument Reference Function (IRF). As can be
observed, the first 11 ns correspond to the LED source lighting the sample. After that,
the LED is turned off and the sum of the fluorophore light and the LED light decays are
detected. Then, after 3 ns, the LED is completely off (response < 3 counts). So, the influence
of the LED decay is negligible and the QD fluorescence light decay can be measured. The
decay of the fluorescence of QDs is described as a multi-exponential curve [66]. However,
sometimes it can be approximated as a mono-exponential decay (I Fluor = Ae(_t\f)) [24].
Figure 8 presents a linear fit of the logarithmic representation of the decay curve from
30 to 60 ns. Thus, from the inverse of the slope, the extracted lifetimes for QD605 and
QD705 are of ~31.3 ns £ 0.6 ns and ~81.7 ns & 0.9 ns, respectively, which are in good
agreement with the reported values (32.7 & 0.2 ns and 80.0 & 3 ns, respectively) [24,63].
We also performed the analysis with a mixture of both QDs, as both fluorophores are
excited by the same wavelength. Figure 8c,d shows the fit with a bi-exponential model

(I Fluor = Arel=0\1) 4 Aze(’t\TZ)) Two different fluorescence lifetime channels can be

selected, and we can estimate the QD605/QD705 ratio on the sample from the amplitude
coefficients of both exponentials. Simple linear unmixing of the dyes can be conducted
while assuming that there is no modification of the individual lifetimes [67].
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Figure 8. Decay time for QD605 at a concentration of 1 uM (a) (with A = 1953 and T = 32.1 ns) and for
QD705 also at a concentration of 1 uM (b) (with A = 306 and T = 80.4 ns). In both cases, it is shown the
fitted line (in red) where the amplitudes (A) and the lifetimes (T) are obtained. (c,d) correspond to a
mixture of QD605/QD705 in ratio 1 uM/1 uM and 0.5 uM/1 uM, respectively. Bi-exponential fitting
results in A; =1915 and 11 =32.1 ns; Ay =417 and 1, = 81.1 nsin (c¢) and A; =989 and 11 = 32.2 ns;
Ay =397 and 1, = 80.9 ns in (d).

The LoD of this device using time-correlated fluorescence measurements is the same as
that obtained with intensity measurements: 1/4 uM, as expected. Using the measurement
method mentioned above, 100 histograms were obtained. From these histograms, the
lifetime of each fluorophore was calculated for statistics. They are shown in Figure 9, where
QD605 has a mean lifetime of 31.3 ns + 0.6 ns for concentrations from 1 uM to 1/4 uM and
QD705 has a mean lifetime of 81.7 ns + 0.9 ns for concentrations from 1 uM to 1/4 uM.

Figure 10 shows a representation of the lifetimes measured on top of each LED. As
is clear from Figure 8, the slopes of QD705 and the IRF are very similar. To ensure that
we could discern the signal from the background, bins were integrated for every LED in
the range [30 ns, 60 ns], and a threshold of 5000 counts was established. Then, lifetimes
were evaluated, as described previously, for curves with higher counts. In Figure 10, the
zones where the fluorophores were detected correspond to the LEDs marked for QD605
and QD705. Pseudocolor was used to identify lifetimes, so that purple corresponds to
QD605 and yellow to QD705. Considering the differences observed among the different
fluorophores tested, we validated the instrument to develop a PoC based on fluorescence
lifetime measurements using microLED arrays operating by matrix addressing.
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Figure 9. Lifetimes of QD605 (blue) and QD705 (green) for 1 uM for 100 sampled measurements to
extract statistical values.
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Figure 10. Image obtained with the device where the two fluorophores were deposited in microwells.

4. Discussion

This research proposes a compact multiplex fluorescence detection system using an
array of matrix addressable microLED arrays. The advancements in GaN technology over
the past few years indicate that these devices could potentially replace lasers and other
illumination sources in the field of fluorescence, particularly in PoC technology [68,69].
GaN-based devices offer simplicity, greater integration capabilities, and cost-effectiveness,
making them promising alternatives. The performance of the device was validated through
experiments using reference fluorophores. Furthermore, the system was employed to
detect two different QD using time-correlated fluorescence measurements in the same
assay. Further studies on the proposed PoC device with fluorophores bonded to antibodies
and target infections are required to determine applicability. Moreover, the LoD of this
setup, with its current characteristics, is 1/4 uM. Nevertheless, this does not invalidate
the potential of the technique for detecting even lower concentrations, since the sensitivity
depends directly on factors such as the distance between the SPAD and the sample. In this
setup, the sample is located at 8 mm of the SPAD sensor, hence the low sensitivity. Some
improvement could be obtained by reducing the distance between the sample and the
sensors. Additionally, microlenses can be incorporated into the LED array chip to increase
the optical power on the fluorophores [70]. Similarly, microlenses can be added to the
SPAD array to gather the light being emitted from the fluorophores [71]. The upper LoD of
this setup could also be increased from 1 pM until the pile-up effect appears (5% counts
over total number of measurements) [65]. Nevertheless, to avoid pileup distortion in case
it occurs at higher concentrations, we can decrease the intensity of the excitation light by
controlling the bias current of the LEDs [72].
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Arrays of microLEDs were used for the first time in [73]. Thus, the use of microLEDs
for fluorescence detection has been implemented over and over in the past decades, but
typically this has been performed with directly addressable LED arrays, which are limited
by their own structure. The LED downscale size, pitch, and density in directly addressable
arrays is limited by the size that the connection lines can achieve. Thus, to have drivers
capable of providing the necessary speed to perform time-correlated fluorescence mea-
surements, an array with a certain pixel and pitch size is required, oz, alternatively, a low
LED density on the chip. D. Bezshlyakh et al. [55] reported an array with 400 nm LED size
and 400 nm distance between adjacent LEDs with a maximum number of pixels achieved
of 6 x 6 due to limitations in space to connect the center pixels to the exterior. Thus, a
tradeoff must be made between the size and pitch of the pixels and the size of the array.
In [74], a custom chip was used to drive an array of 8 x 8 microLEDs for time-resolved
fluorescence measurements. There, the microLED array was bonded by flip-chip onto
the custom CMOS driver chip to obtain a direct addressing mode. The state of the art in
microLED arrays driven by CMOS circuits is hybrid interconnected arrays [75]. In these
devices, the CMOS driver must fit under the pixel; therefore, the smaller the pixel size
and pitch is, the smaller the driver is, which limits the switching speed of the circuit. The
circuits that achieved the higher speed in the field are reported by J. Canals et al. [76] and
N. B. Hassan et al. [77], achieving maximum speeds of 1 MHz, which makes these devices
unsuitable for time-resolved fluorescence measurements. Thus, this approach is a tradeoff
between driving capabilities, due to the size of the driving circuit that is below the LED,
and the density and size of LEDs. Given that the trend of microLED technology for displays
is to make smaller microLEDs integrated in higher density arrays, it is a limitation for the
use of this addressing mode. On the other hand, there is no limit on the size of the driving
circuitry for matrix addressable driving since there is a driver for each column and row of
the array that does not need to be under the LED pixel. This allows the driver to provide
enough driving current for fluorescence excitation and to be as large as necessary to achieve
the driving speeds required for time-resolved fluorescence.

Table 1 summarizes microLED arrays for framerate and array size used for different
fields. It can be observed in the tradeoff between array and pixel size, power, and speed.
An array with high PPI used for display applications is presented [78] for comparison. Such
an array has 1920 x 1080 pixels, but with a limited speed of 125 fps. On the high current
side, Poher et al. [79] described a matrix addressable array of 64 x 64 used for neuron
stimulation. They achieve high optical power by driving the LEDs up to 10 mA, but with a
limited speed of 600 fps.

Table 1. Comparison of GaN microLED arrays driven by CMOS circuits.

Reference [77] [76] [78] [79] [74] This Work
Driver type in-pixel in-pixel in-pixel MA DA MA
— . . . neuron
Application display display display stimulation fluorescence fluorescence
Resolution 128 x 128 512 x 512 1920 x 1080 64 x 64 8 x 8 32 x 32
Pixel pitch 50 um 18 pm 2.5 pm 40 um 200 um 100 pm
Pixel density 508 PPI 1411 PPI 10,000 PPI 635 PPI 127 PPI 254 PPI
Switch speed 83 kfps 1 MI;;?'B n.a. 600 fps 1.28 GHz 500 MHz
Max. LED current 87 uA 120 A 1.6 tA 10 mA n. a. 20 mA
LED bias voltage 5V up to 5V na. VvV up to 4V up to 5V upto1l0V
CMOS Tech. Node 0.18 pm 0.18 um n.a. n.a. 0.35 pm 0.35 um

In this work, we propose the use of microLEDs for multiplexed time-resolved fluo-
rescence in PoC devices. It is centered on matrix addressable arrays that allow for high
integration, with the only limit being on the pixel pitch and size, which is determined
by the GaN technological limit. Moreover, the driving circuit can be placed outside the
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microLED array, which eliminates the limitation of the driver size that appears in hybrid
interconnected arrays, thus allowing us to design the driver to achieve the rates required
for time-resolved fluorescence measurements.

In addition, the research presented in this work paves the way for the development of
miniaturized microscopes [80-84] based on fluorescence, the gold standard tool used in
biology. This promising advancement is envisaged through the utilization of large arrays
integrating smaller LEDs, complemented by the appropriate driving circuits.

5. Conclusions

In this paper, we present a fluorescence detection device that allows for both inten-
sity and lifetime measurements. The device is small and easy to assemble, achieved by
joining the advantages of a camera with high SNR CMOS SPAD detectors with an array
of microLEDs, which provide high optical power and fast switching speed. Moreover, by
using time-gating with the SPAD, the device avoids the use of any optical filter to isolate
the fluorescence intensity from the LED light. This is possible thanks to the measurement
being taken after the LED is turned off. However, with the auxiliary electronics used to
control the device, this approach has some limitations. For lifetime evaluation, it restricts
the use of fluorophores to those with decay times longer than ~10 ns. This limits the use of
the PoC for organic fluorophores, with lifetimes well below 5 ns. To address such range,
new arrays with smaller LED size can be developed to reduce the parasitic capacitance and
decrease the switching response. Additionally, more efficient LED drivers with improved
switching times can be produced. Nevertheless, addressing such lifetimes could be difficult
for a miniaturized microLED-based PoC.

The results obtained by the system endorse that it can detect fluorophores in in-
tensity mode at a high speed, and, moreover, it can detect different fluorophores in the
same measurement by using the time-resolved fluorescence method. All of this can be
achieved while operating with very small samples volumes (5 nL). This device holds high
potential for applications in the scan of biological samples, analytical laboratories, and for
clinical diagnosis.

Furthermore, the device enables the possibility of advances in different fields, such
as building a fluorescence microscope by using an array of microLEDs [85] or building
multi-well detection devices for multiplexed assays.

Author Contributions: Conception of the device, A.D. and V.M.; experiments, V.M.; construction
of the device, O.A. and V.M.; PCB design, J.C.; software, ].C., SM. and V.M.; FPGA firmware, J.C.,
S.M. and V.M.; design of CMOS driving chip, V.M.; data analysis, V.M.; investigation, A.D. and V.M.;
microLED design and fabrication, S.H.-W., ].D.P. and A.W.; writing—original draft preparation, V.M.;
writing—review and editing, V.M. and A.D.; supervision, A.D.; funding acquisition, A.D. and J.D.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This work received funding from the European Union’s Horizon 2020 research and in-
novation program under grant agreement No 737089. Grants PID2019-105714RB-I00 and PID2022-
1368330B-C21 funded by MICIU/AEI/10.13039/501100011033 and the European Regional Devel-
opment Fund. Grant PRE2020-093659 funded by MICIU/AEI/10.13039 /501100011033 and by ESF
invests in your future.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

1. World Health Organization Ageing and Health. Available online: https://www.who.int/news-room/fact-sheets/detail /ageing-
and-health (accessed on 8 March 2024).

2. Mills, A. Health Care Systems in Low- and Middle-Income Countries. N. Engl. ]. Med. 2014, 370, 552-557. [CrossRef] [PubMed]

3. Sharma, S.; Zapatero-Rodriguez, J.; Estrela, P.; O’Kennedy, R. Point-of-Care Diagnostics in Low Resource Settings: Present Status
and Future Role of Microfluidics. Biosensors 2015, 5, 577—-601. [CrossRef] [PubMed]


https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://doi.org/10.1056/nejmra1110897
https://www.ncbi.nlm.nih.gov/pubmed/24499213
https://doi.org/10.3390/bios5030577
https://www.ncbi.nlm.nih.gov/pubmed/26287254

Biosensors 2024, 14, 264 14 of 17

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Boniface, R.; Moshabela, M.; Zulliger, R.; MacPherson, P.; Nyasulu, P. Correlates of Delayed Diagnosis among Human Immunode-
ficiency Virus-Infected Pulmonary Tuberculosis Suspects in a Rural HIV Clinic, South Africa. Tuberc. Res. Treat. 2012, 2012, 827148.
[CrossRef] [PubMed]

Mashamba-Thompson, T.P.; Sartorius, B.; Drain, PK. Operational Assessment of Point-of-Care Diagnostics in Rural Pri-
mary Healthcare Clinics of KwaZulu-Natal, South Africa: A Cross-Sectional Survey. BMC Health Serv. Res. 2018, 18, 380.
[CrossRef] [PubMed]

Zhang, H.; Miller, B.L. Inmunosensor-Based Label-Free and Multiplex Detection of Influenza Viruses: State of the Art. Biosens.
Bioelectron. 2019, 141, 111476. [CrossRef] [PubMed]

Hojat, K.; Duppenthaler, A.; Aebi, C. Impact of the Availability of an Influenza Virus Rapid Antigen Test on Diagnostic Decision
Making in a Pediatric Emergency Department. Pediatr. Emerg. Care 2013, 29, 696-698. [CrossRef] [PubMed]

Chin, C.D.; Linder, V.; Sia, S.K. Lab-on-a-Chip Devices for Global Health: Past Studies and Future Opportunities. Lab. Chip 2007,
7,41-57. [CrossRef] [PubMed]

Hansen, G.T. Point-of-Care Testing in Microbiology: A Mechanism for Improving Patient Outcomes. Clin. Chem. 2020, 66, 124-137.
[CrossRef] [PubMed]

Drain, PK,; Hyle, E.P,; Noubary, F; Freedberg, K.A.; Wilson, D.; Bishai, WR.; Rodriguez, W.; Bassett, I.V. Diagnostic Point-of-Care
Tests in Resource-Limited Settings. Lancet Infect. Dis. 2014, 14, 239-249. [CrossRef]

Vashist, S.K. Point-of-Care Diagnostics: Recent Advances and Trends. Biosensors 2017, 7, 62. [CrossRef]

Kozel, T.R.; Burnham-Marusich, A.R. Point-of-Care Testing for Infectious Diseases: Past, Present, and Future. J. Clin. Microbiol.
2017, 55, 2313-2320. [CrossRef] [PubMed]

Global HIV Hepatitis and STIs Programmes (HHS); Sexual and Reproductive Health and Research (SRH); World Health
Organization. The Diagnostics Landscape for Sexually Transmitted Infections; WHO: Geneva, Switzerland, 2023; ISBN 9789240077126.
Qin, J.; Wang, W.; Gao, L.; Yao, S.Q. Emerging Biosensing and Transducing Techniques for Potential Applications in Point-of-Care
Diagnostics. Chem. Sci. 2022, 13, 2857-2876. [CrossRef] [PubMed]

Pruksaphon, K.; Intaramat, A.; Ratanabanangkoon, K.; Nosanchuk, J.D.; Vanittanakom, N.; Youngchim, S. Diagnostic Laboratory
Immunology for Talaromycosis (Penicilliosis): Review from the Bench-Top Techniques to the Point-of-Care Testing. Diagn.
Microbiol. Infect. Dis. 2020, 96, 114959. [CrossRef] [PubMed]

Ouyang, M.; Tu, D.; Tong, L.; Sarwar, M.; Bhimaraj, A.; Li, C.; Coté, G.L.; Di Carlo, D. A Review of Biosensor Technologies
for Blood Biomarkers toward Monitoring Cardiovascular Diseases at the Point-of-Care. Biosens. Bioelectron. 2021, 171, 112621.
[CrossRef] [PubMed]

Wei, T.Y,; Fu, Y,; Chang, K.H.; Lin, KJ.; Lu, Y.J.; Cheng, C.M. Point-of-Care Devices Using Disease Biomarkers to Diagnose
Neurodegenerative Disorders. Trends Biotechnol. 2018, 36, 290-303. [CrossRef] [PubMed]

Sandbhor Gaikwad, P.; Banerjee, R. Advances in Point-of-Care Diagnostic Devices in Cancers. Analyst 2018, 143, 1326-1348.
[CrossRef] [PubMed]

Diamond, S.L.; Rossi, ]. M. Point of Care Whole Blood Microfluidics for Detecting and Managing Thrombotic and Bleeding Risks.
Lab. Chip 2021, 21, 3667-3674. [CrossRef] [PubMed]

Stedtfeld, R.D.; Tourlousse, D.M.; Seyrig, G.; Stedtfeld, T.M.; Kronlein, M.; Price, S.; Ahmad, F.; Gulari, E.; Tiedje, ].M.; Hashsham,
S.A. Gene-Z: A Device for Point of Care Genetic Testing Using a Smartphone. Lab. Chip 2012, 12, 1454-1462. [CrossRef]

Clerc, O.; Greub, G. Routine Use of Point-of-Care Tests: Usefulness and Application in Clinical Microbiology. Clin. Microbiol.
Infect. 2010, 16, 1054-1061. [CrossRef]

Cholkar, K.; Hirani, N.D.; Natarajan, C. Nanotechnology-Based Medical and Biomedical Imaging for Diagnostics. In Emerging
Nanotechnologies for Diagnostics, Drug Delivery and Medical Devices; Elsevier Inc.: Amsterdam, The Netherlands, 2017; pp. 355-374.
ISBN 9780323429979.

Pennathur, S.; Fygenson, D.K. Improving Fluorescence Detection in Lab on Chip Devices. Lab. Chip 2008, 8, 649-652. [PubMed]
Canals, J.; Franch, N.; Alonso, O.; Vila, A.; Diéguez, A. A Point-of-Care Device for Molecular Diagnosis Based on CMOS SPAD
Detectors with Integrated Microfluidics. Sensors 2019, 19, 445. [CrossRef] [PubMed]

Hang, Y.; Boryczka, ].; Wu, N. Visible-Light and near-Infrared Fluorescence and Surface-Enhanced Raman Scattering Point-of-Care
Sensing and Bio-Imaging: A Review. Chem. Soc. Rev. 2022, 51, 329-375. [CrossRef]

Berner, M.; Hilbig, U.; Schubert, M.B.; Gauglitz, G. Laser-Induced Fluorescence Detection Platform for Point-of-Care Testing.
Meas. Sci. Technol. 2017, 28, 085701. [CrossRef]

Jin, B.; Li, Z.; Zhao, G.; Ji, J.; Chen, J.; Yang, Y.; Xu, R. Upconversion Fluorescence-Based Paper Disc for Multiplex Point-of-Care
Testing in Water Quality Monitoring. Anal. Chim. Acta 2022, 1192, 339388. [CrossRef]

He, Q.; Yu, D.; Bao, M.; Korensky, G.; Chen, ].; Shin, M.; Kim, J.; Park, M.; Qin, P.; Du, K. High-Throughput and All-Solution
Phase African Swine Fever Virus (ASFV) Detection Using CRISPR-Cas12a and Fluorescence Based Point-of-Care System. Biosens.
Bioelectron. 2020, 154, 112068. [CrossRef]

Mukunda, D.C.; Joshi, VK.; Mahato, K.K. Light Emitting Diodes (LEDs) in Fluorescence-Based Analytical Applications: A Review.
Appl. Spectrosc. Rev. 2022, 57, 1-38. [CrossRef]

Wang, Y.; Fang, Y.; Liu, H.; Su, X,; Chen, Z,; Li, S.; He, N. A Highly Integrated and Diminutive Fluorescence Detector for
Point-of-Care Testing: Dual Negative Feedback Light-Emitting Diode (LED) Drive and Photoelectric Processing Circuits Design
and Implementation. Biosensors 2022, 12, 764. [CrossRef]


https://doi.org/10.1155/2012/827148
https://www.ncbi.nlm.nih.gov/pubmed/22778946
https://doi.org/10.1186/s12913-018-3207-6
https://www.ncbi.nlm.nih.gov/pubmed/29843711
https://doi.org/10.1016/j.bios.2019.111476
https://www.ncbi.nlm.nih.gov/pubmed/31272058
https://doi.org/10.1097/PEC.0b013e3182948f11
https://www.ncbi.nlm.nih.gov/pubmed/23714754
https://doi.org/10.1039/B611455E
https://www.ncbi.nlm.nih.gov/pubmed/17180204
https://doi.org/10.1373/clinchem.2019.304782
https://www.ncbi.nlm.nih.gov/pubmed/31811002
https://doi.org/10.1016/S1473-3099(13)70250-0
https://doi.org/10.3390/bios7040062
https://doi.org/10.1128/JCM.00476-17
https://www.ncbi.nlm.nih.gov/pubmed/28539345
https://doi.org/10.1039/D1SC06269G
https://www.ncbi.nlm.nih.gov/pubmed/35382472
https://doi.org/10.1016/j.diagmicrobio.2019.114959
https://www.ncbi.nlm.nih.gov/pubmed/31836254
https://doi.org/10.1016/j.bios.2020.112621
https://www.ncbi.nlm.nih.gov/pubmed/33120234
https://doi.org/10.1016/j.tibtech.2017.11.004
https://www.ncbi.nlm.nih.gov/pubmed/29242004
https://doi.org/10.1039/C7AN01771E
https://www.ncbi.nlm.nih.gov/pubmed/29469148
https://doi.org/10.1039/D1LC00465D
https://www.ncbi.nlm.nih.gov/pubmed/34476426
https://doi.org/10.1039/c2lc21226a
https://doi.org/10.1111/j.1469-0691.2010.03281.x
https://www.ncbi.nlm.nih.gov/pubmed/18432330
https://doi.org/10.3390/s19030445
https://www.ncbi.nlm.nih.gov/pubmed/30678225
https://doi.org/10.1039/C9CS00621D
https://doi.org/10.1088/1361-6501/aa7810
https://doi.org/10.1016/j.aca.2021.339388
https://doi.org/10.1016/j.bios.2020.112068
https://doi.org/10.1080/05704928.2020.1835939
https://doi.org/10.3390/bios12090764

Biosensors 2024, 14, 264 15 0f 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Mohanan, SSM.P.C.; Russell, K.; Duncan, S.; Kiang, A.; Lochenie, C.; Duffy, E.; Kennedy, S.; Prajna, N.V.; Williams, R.L.; Dhaliwal,
K.; et al. FluoroPi Device with SmartProbes: A Frugal Point-of-Care System for Fluorescent Detection of Bacteria from a
Pre-Clinical Model of Microbial Keratitis. Transl. Vis. Sci. Technol. 2023, 12, 1. [CrossRef]

Lian, C.; Young, D.; Randall, R.E.; Samuel, .D.W. Organic Light-Emitting Diode Based Fluorescence-Linked Immunosorbent
Assay for SARS-CoV-2 Antibody Detection. Biosensors 2022, 12, 1125. [CrossRef] [PubMed]

He, H.; Wu, C.; Saqib, M.; Hao, R. Single-Molecule Fluorescence Methods for Protein Biomarker Analysis. Anal. Bioanal. Chem.
2023, 415, 3655-3669. [CrossRef]

Berezin, M.Y.; Achilefu, S. Fluorescence Lifetime Measurements and Biological Imaging. Chem. Rev. 2010, 110, 2641-2684.
[CrossRef] [PubMed]

Kobayashi, H.; Ogawa, M.; Alford, R.; Choyke, P.L.; Urano, Y. New Strategies for Fluorescent Probe Design in Medical Diagnostic
Imaging. Chem. Rev. 2010, 110, 2620-2640. [CrossRef] [PubMed]

Kanani, S.S.; Tsai, H.Y.; Algar, W.R. Quantitative and Multiplexed Chopper-Based Time-Gated Imaging for Bioanalysis on a
Smartphone. Anal. Chem. 2023, 95, 13258-13265. [CrossRef] [PubMed]

Qiu, X,; Xu, J.; Cardoso Dos Santos, M.; Hildebrandt, N. Multiplexed Biosensing and Bioimaging Using Lanthanide-Based
Time-Gated Forster Resonance Energy Transfer. Acc. Chem. Res. 2022, 55, 551-564. [CrossRef] [PubMed]

Fan, Y.; Wang, P; Lu, Y.; Wang, R.; Zhou, L.; Zheng, X.; Li, X; Piper, J.A.; Zhang, F. Lifetime-Engineered NIR-II Nanoparticles
Unlock Multiplexed In Vivo Imaging. Nat. Nanotechnol. 2018, 13, 941-946. [CrossRef] [PubMed]

Obahiagbon, U.; Smith, J.T.; Zhu, M.; Katchman, B.A.; Arafa, H.; Anderson, K.S.; Blain Christen, ]. M. A Compact, Low-Cost,
Quantitative and Multiplexed Fluorescence Detection Platform for Point-of-Care Applications. Biosens. Bioelectron. 2018, 117,
153-160. [CrossRef] [PubMed]

Myers, EB.; Henrikson, R.H.; Xu, L.; Lee, L.P. A Point-of-Care Instrument for Rapid Multiplexed Pathogen Genotyping. In
Proceedings of the 2011 Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Boston, MA,
USA, 30 August-3 September 2011; IEEE: New York, NY, USA, 2011. ISBN 9781424441228.

Smith, ].T.; Obahiagbon, U.; Ewaisha, R.; Katchman, B.A.; Kaftanoglu, K.; Arafa, HM.; Kullman, D.E.; Anderson, K.S. Low-Cost,
Disposable Fluorescence-Based Biorecognition System for Multiplexed Point-of-Care Molecular Diagnostics. In Proceedings of
the 2016 IEEE Healthcare Innovation Point-Of-Care Technologies Conference (HI-POCT), Cancun, Mexico, 9-11 November 2016.
Manzanas, C.; Alam, M.M.; Loeb, ].C.; Lednicky, J.A.; Wu, C.Y.; Fan, Z.H. A Valve-Enabled Sample Preparation Device with
Isothermal Amplification for Multiplexed Virus Detection at the Point-of-Care. ACS Sens. 2021, 6, 4176—4184. [CrossRef] [PubMed]
Shu, B,; Lin, L.; Wu, B.; Huang, E.; Wang, Y.; Li, Z.; He, H.; Lei, X; Xu, B.; Liu, D. A Pocket-Sized Device Automates Multiplexed
Point-of-Care RNA Testing for Rapid Screening of Infectious Pathogens. Biosens. Bioelectron. 2021, 181, 113145. [CrossRef]
[PubMed]

Wasisto, H.S.; Prades, J.D.; Giilink, J.; Waag, A. Beyond Solid-State Lighting: Miniaturization, Hybrid Integration, and Applications
of GaN Nano-and Micro-LEDs. Appl. Phys. Rev. 2019, 6, 041315. [CrossRef]

Tian, P; McKendry, ].].D.; Gong, Z.; Zhang, S.; Watson, S.; Zhu, D.; Watson, ILM.; Gu, E.; Kelly, A.E.; Humphreys, C.J.; et al.
Characteristics and Applications of Micro-Pixelated GaN-Based Light Emitting Diodes on Si Substrates. J. Appl. Phys. 2014, 115,
033112. [CrossRef]

Rae, B.R;; Yang, ].B.; McKendry, J.; Gong, Z.; Renshaw, D.; Girkin, ].M.; Gu, E.; Dawson, M.D.; Henderson, R.K. A Vertically
Integrated CMOS Microsystem for Time-Resolved Fluorescence Analysis. IEEE Trans. Biomed. Circuits Syst. 2010, 4, 437-444.
[CrossRef]

Xie, E.; Bian, R.; He, X.; Islim, M.S.; Chen, C.; Mckendry, ].].D.; Gu, E.; Haas, H.; Dawson, M.D. Over 10 Gbps VLC for Long-
Distance Applications Using a GaN-Based Series-Biased Micro-LED Array. IEEE Photonics Technol. Lett. 2020, 32, 499-502.
[CrossRef]

Vilella, E.; Diéguez, A. A Gated Single-Photon Avalanche Diode Array Fabricated in a Conventional CMOS Process for Triggered
Systems. Sens. Actuators A Phys. 2012, 186, 163-168. [CrossRef]

Vilella, E.; Diéguez, A. Dynamic Range Extension of SiPM Detectors with the Time-Gated Operation. Opt. Express 2014, 22, 12007.
[CrossRef]

Wang, Y.; Rae, B.R.; Henderson, R.K.; Gong, Z.; McKendry, J.; Gu, E.; Dawson, M.D.; Turnbull, G.A.; Samuel, .D.W. Ultra-Portable
Explosives Sensor Based on a CMOS Fluorescence Lifetime Analysis Micro-System. AIP Adv. 2011, 1, 032115. [CrossRef]
Bornemann, S.; Gulink, J.; Moro, V.; Canals, J.; Wolter, S.; Schottler, G.; Bezshlyakh, D.; Prades, |.; Dieguez, A.; Waag, A. Processing
and Characterization of Monolithic Passive-Matrix GaN-Based MicroLED Arrays with Pixel Sizes from 5 to 50 Mm. IEEE Photonics
J. 2021, 13, 8200209. [CrossRef]

Lim, S.G.; Lee, K.; Kim, Y.J. Mobile AMOLED Display Power Model Considering I-R Drop in Smartphones. IEEE Trans. Ind.
Electron. 2021, 68, 2694-2702. [CrossRef]

Seong, J.; Jang, J.; Lee, J.; Lee, M. CMOS Backplane Pixel Circuit with Leakage and Voltage Drop Compensation for an Micro-LED
Display Achieving 5000 PPI or Higher. IEEE Access 2020, 8, 49467-49476. [CrossRef]

Canals, J.; Franch, N.; Moro, V.; Moreno, S.; Prades, ].D.; Romano-Rodriguez, A.; Bornemann, S.; Bezshlyakh, D.D.; Waag, A.;
Vogelbacher, F.; et al. A Novel Approach for a Chip-Sized Scanning Optical Microscope. Micromachines 2021, 12, 527. [CrossRef]


https://doi.org/10.1167/tvst.12.7.1
https://doi.org/10.3390/bios12121125
https://www.ncbi.nlm.nih.gov/pubmed/36551092
https://doi.org/10.1007/s00216-022-04502-9
https://doi.org/10.1021/cr900343z
https://www.ncbi.nlm.nih.gov/pubmed/20356094
https://doi.org/10.1021/cr900263j
https://www.ncbi.nlm.nih.gov/pubmed/20000749
https://doi.org/10.1021/acs.analchem.3c02397
https://www.ncbi.nlm.nih.gov/pubmed/37611229
https://doi.org/10.1021/acs.accounts.1c00691
https://www.ncbi.nlm.nih.gov/pubmed/35084817
https://doi.org/10.1038/s41565-018-0221-0
https://www.ncbi.nlm.nih.gov/pubmed/30082923
https://doi.org/10.1016/j.bios.2018.04.002
https://www.ncbi.nlm.nih.gov/pubmed/29894852
https://doi.org/10.1021/acssensors.1c01718
https://www.ncbi.nlm.nih.gov/pubmed/34767357
https://doi.org/10.1016/j.bios.2021.113145
https://www.ncbi.nlm.nih.gov/pubmed/33752027
https://doi.org/10.1063/1.5096322
https://doi.org/10.1063/1.4862298
https://doi.org/10.1109/tbcas.2010.2077290
https://doi.org/10.1109/LPT.2020.2981827
https://doi.org/10.1016/j.sna.2012.01.019
https://doi.org/10.1364/oe.22.012007
https://doi.org/10.1063/1.3624456
https://doi.org/10.1109/JPHOT.2021.3106584
https://doi.org/10.1109/TIE.2020.2973887
https://doi.org/10.1109/ACCESS.2020.2979883
https://doi.org/10.3390/mi12050527

Biosensors 2024, 14, 264 16 of 17

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Bezshlyakh, D.D.; Spende, H.; Weimann, T.; Hinze, P.; Bornemann, S.; Giilink, J.; Canals, J.; Prades, ].D.; Dieguez, A.; Waag, A.
Directly Addressable GaN-Based Nano-LED Arrays: Fabrication and Electro-Optical Characterization. Microsyst. Nanoeng. 2020,
6, 1-10. [CrossRef]

Franch Masdeu, N. Development of a Nano-Illumination Microscope; University of Barcelona: Barcelona, Spain, 2022; Available
online: http://hdlLhandle.net/2445/189889 (accessed on 15 March 2024).

Gulinatti, A.; Maccagnani, P; Rech, I.; Ghioni, M.; Cova, S. 35 Ps Time Resolution at Room Temperature with Large Area Single
Photon Avalanche Diodes. Electron. Lett. 2005, 41, 272-274. [CrossRef]

Acerbi, E; Ferri, A.; Gola, A.; Cazzanelli, M.; Pavesi, L.; Zorzi, N.; Piemonte, C. Characterization of Single-Photon Time Resolution:
From Single SPAD to Silicon Photomultiplier. [EEE Trans. Nucl. Sci. 2014, 61, 2678-2686. [CrossRef]

ZedBoard Zynq-7000 ARM/FPGA SoC Development Board. Available online: https://digilent.com/shop/zedboard-zyng-7000
-arm-fpga-soc-development-board/ (accessed on 21 March 2024).

Franch, N.; Alonso, O.; Canals, J.; Vila, A.; Dieguez, A. A Low Cost Fluorescence Lifetime Measurement System Based on SPAD
Detectors and FPGA Processing. J. Instrum. 2017, 12, C02070. [CrossRef]

QdotTM 605 ITKTM Streptavidin Conjugate Kit. Available online: https://www.thermofisher.com/order/catalog/product/Q1
0001MP?SID=srch-srp-Q10001MP (accessed on 8 March 2024).

QdotTM 705 ITKTM Amino (PEG) Quantum Dots. Available online: https://www.thermofisher.com/order/catalog/product/
Q21561MP?SID=srch-srp-Q21561MP (accessed on 8 March 2024).

Bhuckory, S.; Lefebvre, O.; Qiu, X.; Wegner, K.D.; Hildebrandt, N. Evaluating Quantum Dot Performance in Homogeneous FRET
Immunoassays for Prostate Specific Antigen. Sensors 2016, 16, 197. [CrossRef]

tebu-bio Micromesh Array, Well Size 250 um, 8 mm Array. Available online: https://www.tebubio.com/es-eur/micromesh-
array-well-size-250um-8mme-array-10-arrays-per-p/5637365732.p (accessed on 8 March 2024).

The Principle of Time-Correlated Single Photon Counting. Available online: https://www.picoquant.com/images/uploads/
page/files /7253 /technote_tcspc.pdf (accessed on 10 May 2024).

Giraud, G.; Schulze, H.; Bachmann, T.T.; Campbell, C.J.; Mount, A.R.; Ghazal, P.; Khondoker, M.R.; Ember, S.W].; Ciani, I; Tlili, C.;
et al. Solution State Hybridization Detection Using Time-Resolved Fluorescence Anisotropy of Quantum Dot-DNA Bioconjugates.
Chem. Phys. Lett. 2010, 484, 309-314. [CrossRef]

Biickers, J.; Wildanger, D.; Vicidomini, G.; Kastrup, L.; Hell, S.W. Simultaneous Multi-Lifetime Multi-Color STED Imaging for
Colocalization Analyses. Opt. Express 2011, 19, 3130-3143. [CrossRef]

Sipior, ].; Carter, G.M.; Lakowicz, ].R.; Rao, G. Blue Light-Emitting Diode Demonstrated as an Ultraviolet Excitation Source for
Nanosecond Phase-Modulation Fluorescence Lifetime Measurements. Rev. Sci. Instrum. 1997, 68, 2666—-2670. [CrossRef]

Araki, T.; Misawa, H. Light Emitting Diode-Based Nanosecond Ultraviolet Light Source for Fluorescence Lifetime Measurements.
Rev. Sci. Instrum. 1995, 66, 5469-5472. [CrossRef]

Kim, D.; Lee, H.; Cho, N.; Sung, Y.; Yeom, G. Effect of GaN Microlens Array on Efficiency of GaN-Based Blue-Light-Emitting
Diodes. Jpn. |. Appl. Phys. Part 2 Lett. 2005, 44, L18. [CrossRef]

Burri, S.; Maruyama, Y.; Michalet, X.; Regazzoni, F,; Bruschini, C.; Charbon, E. Architecture and Applications of a High Resolution
Gated SPAD Image Sensor. Opt. Express 2014, 22, 17573. [CrossRef]

Léonard, J.; Dumas, N.; Caussé, ].P.; Maillot, S.; Giannakopoulou, N.; Barre, S.; Uhring, W. High-Throughput Time-Correlated
Single Photon Counting. Lab. A Chip—Miniaturisation Chem. Biol. 2014, 14, 4338-4343. [CrossRef]

Griffin, C.; Gu, E.; Choi, HW.; Jeon, C.W.; Rolinski, O.].; Birch, D.]J.S.; Girkin, ].M.; Dawson, M.D. Fluorescence Excitation and
Lifetime Measurements Using GaN/InGaN Micro LED Arrays. In Proceedings of the The 17th Annual Meeting of the IEEELasers
and Electro-Optics Society, 2004. LEOS 2004, Rio Grande, PR, USA, 11 November 2004.

Rae, B.R.; Muir, K.R,; Gong, Z.; McKendry, J.; Girkin, ].M.; Gu, E.; Renshaw, D.; Dawson, M.D.; Henderson, RK. A CMOS
Time-Resolved Fluorescence Lifetime Analysis Micro-System. Sensors 2009, 9, 9255-9274. [CrossRef]

Ou, F; Chong, W.C.; Xu, Q.; Chen, Y,; Li, Q.; Zhang, L. Monochromatic Active Matrix Micro-LED Micro-Displays with >5,000 Dpi
Pixel Density Fabricated Using Monolithic Hybrid Integration Process. Dig. Tech. Pap. 2018, 49, 1677-1680. [CrossRef]

Canals, J.; Moro, V.; Schoéttler, G.; Bornemann, S.; Waag, A.; Prades, ].D.; Diéguez, A. A 9 Kfps 1411 PPI GaN-Based MLED Display
CMOS Backplane. Dig. Tech. Pap. 2023, 54, 125-128. [CrossRef]

Bani Hassan, N.; Dehkhoda, F.; Xie, E.; Herrnsdorf, J.; Strain, M.].; Henderson, R.; Dawson, M.D. Ultrahigh Frame Rate Digital
Light Projector Using Chip-Scale LED-on-CMOS Technology. Photonics Res. 2022, 10, 2434. [CrossRef]

Jade Bird Display, “0.22” MicroLED | JBD | 10000PPI MicroLED”. Available online: https:/ /www.jb-display.com/weixianshiping/
3.html (accessed on 10 May 2024).

Poher, V.; Grossman, N.; Kennedy, G.T.; Nikolic, K.; Zhang, HX.; Gong, Z.; Drakakis, E.M.; Gu, E.; Dawson, M.D.; French, PM.W,;
et al. Micro-LED Arrays: A Tool for Two-Dimensional Neuron Stimulation. J. Phys. D Appl. Phys. 2008, 41, 094014. [CrossRef]
Moreno, S.; Canals, J.; Moro, V.; Franch, N.; Vila, A.; Romano, A.; Prades, ].D.; Bezshlyakh, D.D.; Waag, A.; Diéguez, A. Nano-
Ilumination Microscopy as a Fast Low-Cost Chip-Sized Technique to Face Pandemics. In Proceedings of the Biosensors for
Pandemics, online, 6 May 2020.

Canals, J.; Moro, V.; Franch, N.; Moreno, S.; Alonso, O.; Vila, A,; Prades, ].D.; Giilink, J.; Bezshlyakh, D.D.; Waag, A.; etal. A
Shadow Image Microscope Based on an Array of NanoLEDs. Proc. SPIE 2020, 11351, 113510D.


https://doi.org/10.1038/s41378-020-00198-y
http://hdl.handle.net/2445/189889
https://doi.org/10.1049/el:20047445
https://doi.org/10.1109/TNS.2014.2347131
https://digilent.com/shop/zedboard-zynq-7000-arm-fpga-soc-development-board/
https://digilent.com/shop/zedboard-zynq-7000-arm-fpga-soc-development-board/
https://doi.org/10.1088/1748-0221/12/02/C02070
https://www.thermofisher.com/order/catalog/product/Q10001MP?SID=srch-srp-Q10001MP
https://www.thermofisher.com/order/catalog/product/Q10001MP?SID=srch-srp-Q10001MP
https://www.thermofisher.com/order/catalog/product/Q21561MP?SID=srch-srp-Q21561MP
https://www.thermofisher.com/order/catalog/product/Q21561MP?SID=srch-srp-Q21561MP
https://doi.org/10.3390/s16020197
https://www.tebubio.com/es-eur/micromesh-array-well-size-250um-8mm-array-10-arrays-per-p/5637365732.p
https://www.tebubio.com/es-eur/micromesh-array-well-size-250um-8mm-array-10-arrays-per-p/5637365732.p
https://www.picoquant.com/images/uploads/page/files/7253/technote_tcspc.pdf
https://www.picoquant.com/images/uploads/page/files/7253/technote_tcspc.pdf
https://doi.org/10.1016/j.cplett.2009.11.032
https://doi.org/10.1364/OE.19.003130
https://doi.org/10.1063/1.1148177
https://doi.org/10.1063/1.1146519
https://doi.org/10.1143/JJAP.44.L18
https://doi.org/10.1364/oe.22.017573
https://doi.org/10.1039/c4lc00780h
https://doi.org/10.3390/s91109255
https://doi.org/10.1002/sdtp.12309
https://doi.org/10.1002/sdtp.16504
https://doi.org/10.1364/prj.455574
https://www.jb-display.com/weixianshiping/3.html
https://www.jb-display.com/weixianshiping/3.html
https://doi.org/10.1088/0022-3727/41/9/094014

Biosensors 2024, 14, 264 17 of 17

82. Vila, A,; Moreno, S.; Canals, J.; Diéguez, A. A Compact Raster Lensless Microscope Based on a Microdisplay. Sensors 2021, 21,
5941. [CrossRef]

83. Vila, A.; Moreno, S.; Canals, J.; Moro, V.; Franch, N.; Wartenberg, P.; Dieguez, A. Ultra-Compact and Large Field-of-View
Nano-Illumination Light Microscope Based on an Array of Organic Light-Emitting Diodes. Proc. SPIE 2021, 11693, 1169308.

84. Prajapati, E.; Kumar, S.; Kumar, S. Muscope: A Miniature on-Chip Lensless Microscope. Lab. Chip 2021, 21, 4357-4363. [CrossRef]

85. Franch, N.; Canals, J.; Moro, V.; Vila, A.; Romano-Rodriguez, A.; Prades, ].D.; Guelink, J.; Bezshlyakh, D.; Waag, A.; Kluczyk, K.;
et al. Nano-Illumination Microscopy: A Technique Based on Scanning with an Array of Individually Addressable NanoLEDs.
Opt. Express 2020, 28, 19044-19057. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/s21175941
https://doi.org/10.1039/d1lc00792k
https://doi.org/10.1364/OE.391497
https://www.ncbi.nlm.nih.gov/pubmed/32672190

	Introduction 
	Materials and Methods 
	Instrument 
	microLED Array 
	Custom Driver Chip 
	SPAD Camera 
	Fluorescent Particles 
	Micromesh 

	Results 
	Intensity of Fluorescence Measurements 
	Time-Correlated Fluorescence Measurements 

	Discussion 
	Conclusions 
	References

