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Integrated Ultrasonic Particle Positioning and L ow Power Excitation Light

Fluorescence I maging
A.L. Bernassat) M. Al-Rawhanf, J. Beeley and D.R.S. Cumming
School of Engineering, University of Glasgow, GlasgG12 8LT, UK

A compact hybrid system has been developed toiposand detect fluorescent micro-
particles. It combines a Single Photon Avalanchedbi (SPAD) imager with an
acoustic manipulator. The detector comprises a SRRy, light-emitting diode,
lenses and optical filters. The acoustic devicefosned of multiple transducers
surrounding an octagonal cavity. By stimulatingrpaf transducers simultaneously, an
acoustic landscape is created causing fluorescarbiparticles to agglomerate into
lines. The fluorescent pattern is excited by a lpower light-emitting diode and
detected by the SPAD imager. Our technique combpeeticle manipulation and

visualization in a compact, low power, portableupet

The ability to control biological cells and/or mieparticles into specific patterns while
simultaneously monitoring and extracting analyticadlicators about the state and the
physiology of the patterned cells is critical fomaéde range of biological studies such as
tissue engineering and cell culturtrfglt has been shown that cells can be positionéa thie
active area of ion-sensitive field-effect-transistdSFETS) integrated dielectrophoretic
electrode$* for pH environment monitoring. Quantitative immufiworescent imaging is an
alternative approach, as it provides an intracailuhdicator of the metabolism and
physiology of the cells in response to specific stsabces This approach requires a
fluorescence microscope incorporating high powesitaion source such as a mercury or

xenon lamp. An important part of such a microscope is thergiaoupled device (CCD)
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imager, often cooled, that is used to capture therdscence images of the patterned
particles. To obtain clear images with this syst&ns, commonly achieved by increasing the
intensity of excitation light or the concentratiohthe fluorophores. A significant drawback
of this approach is that it increases the genearaifaeactive oxygen species such as singlet
oxygen that in turn will damage the cell (phototityi) and increase the rate of photo
bleaching of the fluorophore its@lf Furthermore, the physical bulk of commercial
fluorescence microscopes and substantial poweilregtjior excitation make this approach
unsuitable for applications requiring compactnes@ low excitation power.

A significant improvement can be achieved usingngl8 Photon Avalanche Diodes (SPAD)
array, an ultra-sensitive imager capable of datgcgmitted fluorescence light at photon
counting level, and thus permitting the use of Ipawer excitation sources. In addition,
SPADs, unlike CCD based imagers, do not requirelimpo and are fabricated in
Complementary Metal Oxide Semiconductor (CMOS) nebbgy®, allowing
miniaturization and integration.

In this letter, we demonstrate a compact, low pesaitation, fluorescence imager used
in conjunction with an acoustic pattering devicbeTproposed integration enables pattering
and positioning of micro-scale fluorescent parsahihile at the same time optically recording
the patterns formed by the particles using low taticin source. The acoustic positioning
element is based on acoustic standing waves antltirescence imager based on a 32 x 32
SPAD array of detectors.

The block diagram of the complete system is shawfig. 1. The upper part of the setup
is the acoustic device which employs multiple tcreers surrounding an octagonal cavity
and mounted by a 3-D micro-positioner; the lowent p@asts the detector which consists of
the SPAD imager, a fluorescence interference cahe(18) viewing angle light-emitting

diode (LED) (Optek Technology, USA, OVM4BTX) as axcitation source, 10x



(Olympus, Japan) infinity corrected objective lesasd a convex lens. The fluorescence
interference cube incorporates an excitation bass filter (Semrock, USA; 430-490 nm), a
beam splitter (Semrock, USA; 506 nm) and a flueease band pass filter (Semrock, USA,
513-555 nm).

Overall, the system operates as follows (Fig. 1liewWfluorescent particles are placed inside
the cavity of the acoustic device, a pair of oppgdiransducers are stimulated to create a
standing wave causing particles to agglomeratéeanbdes and form a pattern. In order to
detect this pattern optically, a narrow light begemerated by the LED is passed through the
excitation filter and reflected by the beam splitie the objective lens, which focuses the
LED’s beam onto the fluorescence particles. Flsoeat light emitted by the particles at the
surface of the acoustic device is then collectethkyobjective lens. This light is then passed
through the fluorescence filter to a convex lensctvhn turn focuses the image onto the

active area of the SPAD imager.
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FIG. 1. (Color online) Schematic of the integratédagonic particle positioning and the low exciatiight fluorescence
imaging. The fluorescent particles are patternedtisyulating the transducers of the acoustic devibe formed patterns

are directly monitored and recorded by the fluozese imaging system.



The acoustic device (Fig. 2) is formed using efgbtoelectric transducers shaped into an
octagonal cavity. Eight 5 mm 5 mm plates of (NCE51 Noliac ceramic) lead zirdena
titanate (PZT) had an alumina loaded epoxy acousétching layer applied. The thickness
of the matching layer was optimised using a oneedisional transmission line model to
minimise the reflection of the incident wave3he matching layers reduce resonances that
would result in unwanted standing waves with nopasitions that were fixed by the
geometry thus inhibiting translation of the fielgd phase variation. Matched plates without a
backing layer were sufficient for trapping and npaméting the micro particlés The
matched plates were bonded to a flexible kaptdoorikthat was then folded into an octagon.
Synchronized transducer drive was achieved usiglitked arbitrary waveform generators
providing four output channels each (TGA12104, TwwrThandar Instruments, UK)
allowing independent control of the amplitude, ghad frequency of each channel,
controlled by a general purpose interface bus (GRirface using software custom written
in Labview. The signals from the waveform geneatwere amplified and matched by high
speed buffers (AD811 Analog Devices USA; BUF634Texds Instruments, USA).
Patterning of micro-particles was demonstrated bexperimentally and by using a
computational model to predict the pressure fiellke wave field generated by one
transducerg(r), was modeled as the sum of several cylindricahtpsourcesf(r) using

Huygen'’s principle:

—ar

f(r)=Ae  cos(at — kr + ®) 1)
9(r) =" 1 (1) @

whereA is the amplitudeq is the damping factod, is the wavelength, and is the initial

phase. The device boundaries were assumed to feetheabsorbing.
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FIG. 2. (Color online) Photograph of the octagoralustic manipulator.

The key component in the fluorescence detector plathe system is an application-
specific integrated circuit (ASIC) imager based d32a32 SPAD array (Fig. 3a). The ASIC
was fabricated according to our own design usihggh voltage 0.35 p-CMOS process from
Austriamicrosystems (Germany). The SPAD is an adla photodiode reverse-biased
above its breakdown voltage to operate in Geigerddl@nd thus generates pulses
proportional to the number of photons incident ugnactive area of each SPAD
The physical structure of the SPAD fabricated iis @hip is based on diffused guard ring
junction as illustrated in Fig. 3b. Since the CM@®8cess is a planar fabrication process, the
p-n junction has small curvature around its edgeghvresults in higher electric field in the
edges of the p-n junction than the main active .afeaa result, in high fields near to
avalanche breakdown, the edges will breakdown aerdovoltages than the main area. To
avoid this premature breakdown, a guard ring obwel doped material, the same as the
anode, is diffused around the edges of the actiwa. &he lower doped material reduces the
electric fieldat the edges hence preventing premature breakdsinmlarly, as the typical
layout of a p-n junction is rectangular, higheddgoccur in the corners. In order to avoid
these high electrical fields in the corners, théBmhas a circular layout creating a smooth

edge hence generating a uniform electric field s£the active area.
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FIG. 3. (a) Photograph of the 3.7 mm x 3.7 mm ASKpcThe imager active area is 2.4 mm x 2.4 mm. AsC

incorporates: 32x32 SPAD pixels, controllable cleamymp (3-37.9 V), column multiplexer, 32x (16-bitigital pulse
counters and readout multiplexer. (b) Cross sedtioough the center of a circular SPAD showing thard ring of low
doped material used to reduce the electric fieldhat edges and corners. For each SPAD the acte® ahere the

measurement take place is 24 pm diameter, andvéiralbarea including the guard ring is 55 pm iardéter.

The ASIC uses a “rolling shutter” readout arrangetma which one 32-pixel column at a
time is powered via a column multiplexer, and tlése output from the column’s SPADs
during a defined counter gate period is countechmbyarray of 32 16-bit counters. A row
multiplexer then permits serial readout of pulsaute from the counters. The ASIC
operation has been evaluated experimentally. ThADZP Photon Detection Efficiency

(PDE) spans between blue—green region and haskaopd®.4% at 475 nm when biased at
3.1V above its 18.9 V breakdown voltage. Undekdanditions the average dark count of

the SPAD is c. 7kcps. Fig. 4a shows a grey sca@kesentation of the dark count rates of the



SPAD array. At high illumination a single SPAD difet 1024 SPADs in the array can
generate up to 4000 kcps before it reaches saiorakhe ASIC is powered by a 3 V power
supply and draws a maximum current of 1.74 mA.

Prior to using the imaging system to detect pat¢tgrftuorescent particles, we determined
the minimum fluorescent particle concentration tbah be detected by the SPAD imager.
This operating parameter was set by choosing aduas for the LED that gave an average
count rate twice the dark count. In practice, tinas achieved by trying different
concentrations of 1@m diameter fluorescent polystyrene particles (Roérsces Europe,
Germany). At LED bias point 2.6 V (3.6 mA), measueats in Fig. 4b shows that the
imager can efficiently detect a minimum of 1.3%#010% particles/mL and produces more

than 21.5 kcps which is more than twice the avedagk count.
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FIG. 4. (a) Grey scale image from the SPAD arrathendark showing the fixed pattern noise (b) glyraf the average count rate from the
SPADs in the array as a function of particle cotegion in the suspension place into the acougstesn with no stimulation. The inner

graph shows the time response of a single SPADitoefscence emission.

Patterning experiments were performed by stimujatime acoustic transducers with a
4.00 MHz sine-wave and a §)amplitude. At this frequency, the wavelength af 8ound
waves in water wa& = 375 um. By using a relatively low fluorescentcentration of
2.6x10 + 10% particles/mL and biasing the LED excitatisource at 2.6 V (3.6 mA), we
were able to detect the formed patterns on thetycavithe acoustic device reliably. Fig. 5
(left hand side) shows the computer simulation Itesof the acoustic landscape obtained
with two transducers at different orientation ane torresponding experimental results (right

hand side). For two active transducers, a linetiepaof nodes and antinodes is formed. The



distanced between the nodes &= 188 um + 10%, as expected. It can be seen flem t
computational results in Fig. 5 that regular stagdvave patterns are achieved in the middle
of the octagonal cavity at the intersection of ttaelling waves. The micro-particles are
trapped at the minima of the potential acousticrgnelensity”. It can be seen that the

patterning of the trapped particles experimentallipws this behavior.

FIG. 5. (Color online) Computer simulations and ekpental observations of the acoustic landscapeirddawith two

transducers when they are excited in phase. Fdr figaiere the simulation is on the left and the ekpental results using
10 um fluorescent polystyrene particles is on the rigihie active transducers are shown in black balel din the simulation.
In the simulation the acoustic potential energy imaxare in red, and the acoustic energy minimaratdue. (Scale bar =

100um for the right-hand side images).



In conclusion, we have presented a compact, lowep@xcitation, fluorescence imager
used in conjunction with acoustic pattering. Thegnated system has been shown to pattern
micro-fluorescence particles and simultaneously itboand record the formed pattern using
SPAD array imager. The high sensitivity of the SPAfay allows fluorescence imaging to
be performed using a low power LED excitation seur@he acoustic standing wave
concentrates the particles in patterns that camdre easily be detected. Single cell imaging
can be achieved by changing the objective lens hagher magnification. This proof of
concept system opens the door for applicationsrdwatire fluorescence imaging of pattering

processes of living biological cells such as cediireering and culture.
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