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ABSTRACT

The devdopment of a noved surface acoustic wave
hiosensor for liquid phase ligand detection isdescribed in
this paper. The functiord layer of the biosensor
omprises human embryonic kidney cdls that can be
efficiently used Pr the epression of speific ligand
receptors and is coupled to the acousto-eedric
transducer. We outline the suaessful design and
devdopment of a low loss shear horizontd surface
aoustic wave device for detection of receptor-ligand
interactions in heterologous systems. The proof of
ancept implement aion ofa protocd to immobilize cdls
expressing ether muscainic aceylcholine or insect
dfactory receptors on the device surface has been
auccessful. In addition, the background effed of the cdll
growth medium has been examined and results presert ed.
We bdieve tha this biologicd sensor dso can be used
more generdly to monitor cel viability when chdlenged
with toxing drugsor other substances.
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1 Backgroundand Introdudion

We havereported on the use of chemica sensors to deect
infections from the headspace of cultured bacteid
pethogens [1], dinicd ee swabs [2] and dinicd
Hood/urine samples [3]. However, the use of solid-gate
ges sensars or even mass spectrometers has only had a
limited success because of ther limited chemica
ecificity. In ardaed EU project cled iCHEM [4] we
ae explaing the technique of insating speci fi c odarant
receptors (ORs) into cdls tha can subsequertly be made
to changetheir biochemical/physiologica properties, such
& cytoplamic ca* concertration.

Eusocia insects have extrandy sophisticated systems to
dtect and identify the complex ad diverse

smiochemicas that they rdy upon to find food, locate

conspeci fic mates, organize cdonies ad divide labour.
Inseds are able to detect these volatile chemicaswith the
help of ol factory receptor newons (ORNSs), which are
embedded in the har-like chemosensory sensillalocaed
on the antenrae [5, 6]. Recognition of a broad range of
chemicds requires the synchronous activity of receptors
such that the chemicd diversity of the odorants can be
matched [7]. The key specifcity in the response to
extracdlular molecules (e.g. odours, pheromones or
toxims) is corsidered to be dueto the gecificity of the
ligand binding olfactory receptors (ORs). Due to the
divesity of ligands, molecua recognition can be
achiesed through a lage family of proteins encoded by
olfactory receptor genes.

The exact molecular mechanisms of insect d factory
receptor signd transduction remain unclear despite along
and prolific history of research [8]. Figure 1 shows a
recertly proposed modd of OR signa transduction in
inseds in which aligand responsive variable ORx subunit
is a G-protein coupled receptar and OR83b is a cydic
nucleotide-gated ion channe [8 9]. When stimuated by
an odorant, the ORX adivates the channe protein OR83b
by an ionotropic and a metabatropic pathway [9]. The
direct activation of OR83b leadsto a fast and trangent ion
conductance. The metabotrgpic  pahway includes
activdion of Gy proténs. The Gog ubunit stimuates
adenylyl cydase (AC), thereby incressing cydic
adencsine monophosphate (CAMP) production which in
turn slowly ativates a long-laging nonsdective caion
conductance.

The god of the work presented hereis to develop a
surface acoudic wave (SAW)-based sensor tha is
functiondized with a biologica layer and enades the

detedion of dhemicas & very low concentrations — not
only for semiochemistty, but o biomedica application.

A hderologous expression system, human embryonic
kidney 293 (HEK293) cdls, were employed for the

devdopment of an olfactory receptor-based sersor for



Oetecting pheromone signding, in which ORs can be
effici ently expressed and then coupled to the atificid
aousto-d ectric system for ligand deection.
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Figure 1. Schematic modd of insect olfactary receptor
dgnal trangdudion that has been auccessfully
e pressed in human embryonic kidney cdls.

Changes inside ad on the surface of the HEK293 cdls
induced by the ligand-recegtor interaction aredetected by
aurface acustic wav es that — depending on the frequency
—penetrde into different regions of the cdls such asthe
nucleus, the cytopasm ad the bilipid layer. Figure 2
sows a schemaic ‘fried-egg’ representetion of a
HEK?293 cdl adhering to a fla piezodectric substrae
with the desired SAW pendration depths.
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Figure 2 Schematic ‘fried-egg’ representation o a

human embryonic kidney 293 cdl on a lithium
tantalate surface acoustic wave device showing the
different wave penetration depthsrequired to monitor
ligand hinding-induced changes inside and on the
airface o the cdls.

Lithium tantalate-based cusom SAW devices have been
designed and fabricated to facilitate the chaacterization
o HEK23 cdls. A miaofluidic chamber and a cdl
immobilization pratocol have aso been devdoped for the
deposition and growth of HEK293 cdls on the device
aurface [10]. Thisbiosensor is an integra pat of anove
hiosyntheic chemoreceiver module devdoped for
infochemica detedion and can be gplied to monitaing
the affect of toxinsg drugs, dc.

2. Experimenta Desgn

2.1 Background T heory

Acowstic sersing is based on the change of the
propagation characterigics of the surface acoustic wave
travelling aong the surface of the SAW device because of
ether dectricd or mechanicd changes in the adjacent
medium. Fo high sensitivity ligud phase sensors,
substrate materids tha generate coupled shear horizontd
surface acoustic waves (SH-SAWS) arerequired to avoid
excessive damping of the SAW by the liquid med um. For
such gpplications, a ratated Y-cut (36°) X-propegating
LiTaDs crystd was chosen as the subgrate materid for
the biosensas in this work due its efficient
dectromechanicd cowling nstant (KZ:O.O47) and
comperatively low temperaure coeffident of dday of

goproximately 32 ppm/°C [11].

T he acousto-dectri ¢ potentia associated with the shear
horiznta wave on the surface of the lithium tantdate
extends into the adjacent liquid; the extent of the
peneration of this potetid determines how far from the
crystd/liquid inteface a chage in propety can be
deteded by the sensor. The potentid skin deth was
cacuated to be approximatdy 1/7™ of the wavelength of
a SH-SAW for a unmetdlised surface [12].
Consguently, the distance of detedion is directly
propartiond tothe SAW frequency as shown in Figure 3.
For metdlised surfaces, the potentid penetration is
practicaly zeo. Such devices are only sensitive to the
mechanica changes inthe adjacent liquid
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Figure 3. Penetration profile of the narmalised eectric

fidd potential for shear horizntal surface acoustic
waves with a frequency of 50, 250 and 1000 MHzin
LiTaO; and with wate as theadjacent liquid.

In order to enable thecharacterization of entire HEK293
cdls, the potentiad penetration depth was set to 9.7 um



which gves the correspording SAW frequency of 60.56
MHz.

2.2 SH-SAW Sensor

The SH-SAW biosensors were desgned indua deay-line
configuration to dlow differentia measurements inwhich
only ore dea-line of the par is coaed with
functiordized HEK293 cdls expressing ol factory
receptors while the other is coaed with non-
functiordized (i.e. wild type) HEK293 cdls, Figure 4(a)
[13]. Memsuring the di ffeence between thesignads of the
two delay-lines amediorates environmertd and other
common mode variations and enaures tha the messured
responses are praduced purely by the functionaized cdls.
The changes in the veacity, Avl, and the atenuetion,
Aal/k, of the propagating SH-SAW due to the resporse of
the HEK293 cdls to ligands can be gpoproximated by the
following equations [14]:
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Here, k is the wave numbe, o isthe angula frequercy, K
is the dectromechanicd coupling constant, & is the
dectricd permittivity of free space, sTP is the effective
permittivity of the SAW caystd, g is the rdative
permittivity of the unperturbed biologicd layer, and &,
and ¢ arethe rdative pemittivity and conductivity of the
perturbed biologicd layer, respectively.

Split finger intedigitd transducers (IDTg were chosen
insteed of single finger IDT transduces in order to
suppress Bragg reflection and edge effeds, see Figure
4(b). The IDT s were fabricated using a 150 nm thick layer
comprising of 30 nm of chromium followed by 120 nm of
gold. Bath the input and the output IDTsconsist of 14.5
finger pairs with a periodcity of 8.5 um. The amustic
goerture and the dd ay pah lengths were st to 400 and
90X, repectively, where A is the amoustic wave ength

a) 2mm

b) * 150um

Figure 4. (a) Opticd microscope image of a60.56 MHz
unmetallised dud deéay line SH-SAW  sensor
fabricated using Au/Cr dectrodes and a LiTaO;5
substrate. (b) Higher magnification image of a split-
finger interdigitated transducer dedrode.

2.3 Microfluidic Chanber

A nove microfluidc chamber was designed and bult
using micro-stereolithography (MSL) to enabl ethe in-dtu
culturing of HEK293 cdls on the SH-SAW microsensor.
The chamber consists of a 500 pl inner reservoir, as
shown in Figure 5, which can store growth medum for up
to 2 days in an inaubated environment providing stable
growth condtions for the cdls. The inner sidevadls ofthe
chamber are angled to promote the easy spreading and
uniform didgribution of liquids with high surface tension.
Replacement media, antibiotics and adour cartying liquid
mixtures can dso bedirculated through the reservoirs via
the microchannds on both sides of the chanber. The
whole setup is designed to fit under high magni fication
microscope lenses to enable red-time opticad imaging of
cdl growth on the device surface.
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Figure 5. Microfluidic chamber to hold thecdl growth
medium (top and sdeview) and tes liquids.

2.4 Cdl Growth and Immabili zetion protocol

A protocol has been deveoped by which HEK293 cdls

can be coaed onto the surface of the SH-SAW
microsensor. Initialy, cels were cultured in 75 cm? tissue



culture 1 asks with Dulbecco’ s madified Eagl € s medium
(DMEM, L-Gluamax) which was supplemented with
10% fetd cdf serum (FCS), penicillin/streptomydn and
were inabaed & 37°C with 5% CO, in humidified ar
[10]. The medium was replaced dfter two days while the
cdls wae sub-ailtured a 80% confluency. The sub-
culturing of cdlswas performed by adding trypsin/EDT A
to the cdls and then bridly incubeting the flask urtil &l
the cdlls detached from the bottom surface After alding
fresh medium to the trypsnised cdls the ertire content of
the flask was spun down a 2000 r.p.m. for 4 min. A pre-
sterilized SH-SAW biosensor chipwas placed in asterile
24 wdl | plae and the chip was drip-coated with alayer of
poly-D-lysine to promote cell adhesion. Next, the chip
was inawbated for 1 min and then fresh medium
containing serum was pipetted onto the chip followed by
a further 10 min incubation. Findly, 50 ul of the cdl-
medium mixturewas pipdted onto the device surface and
the entire setup was covered and incubaed in a sterile
environment a 37°C with 5% CGO, in humidfied air. A
similar procedurew as performed with only the incuketion
times having been modified when printed circuit board
(PCB) mounted chips were used.

2.5 System Setup

The 60.56 MHz SH-SAW biosasor chip was intidly
dip-washed in actone, isopropanol and deonized water,
then maunted orto a PCB and ultrasonicaly wire-bond ed.
In order to sterilize the sensing area of the biosensar, the
PCB (dong with the chip) with the MSL chambe was
submerged in an ethanol bath for 20 min followed by a
phosphae-buffered sdine (PBS) rinse and 15 min
incubation. The MSL chanber was then tightly mounted
on top o biosensor chip wsing nylon washes and saews.

In orderto characterize the SH-SAW sensors, an Agilent
E50718 network andyze (Agilent Techrologies, Santa
Claa, CA, Unted States) wes used During the
measurements, the sensor setup had to be taken out of the
incubatar; therefore, a dry block heaer (Techne Inc.,
Burlington, NJ, United States) was employed to mantan
the amhbient temperature & 37°C. An opticd micrascope
and a desktop computer used to dotain red-time dgitd
images of cels gowth completed the m easurement setup
that isillustrated in Figure 6.
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Figure 6. Measur ement setup to optically observe and
acausto-dectronicdly characteriz the behaviour of
HEK 293 cdls on SH-SAW snsors.

3. Results
3.1 SAW Device Characteri ztion

The insetion los for the 6056MHz SH-SAW
microsensor was obtaned from the transmission
coefficients using an Agilent E50718 network andyzr.
T he messured frequency was found to be very close to the
desgn frequency and the insertion loss obtained for bath
devices was—4dB, & shownin Figure?.
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Figure 7. Frequeng vs. attenuation and phase plot of
the60.56 MHz SAW sensor.

3.2 Characterisation of Biologica Media

In order to examinethe effect of cdl growth mediaon

SAW meadurement, the response of the SAW biosensars
was messured when loaded by three di fferent biol ogica

media (DMEM, DMEM +, KHB) and dei onized water (for
reference). Each liquid was tested five times with dl the
teds performed in a random order to mitigate possible
mamory efiects of the system.
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Figure 8 Attenuation vs phasediagramfor three cdl
culturemedia and deionizd water.

The atenuation vs. phase dagram for dl 20
measurements, shown in Figure 8, shows that the cdl

culture media can be separated fom each other despite
being 99% water based. It is dsovisiblethat cdl alture

liquids depending on their concentration will produce a2-
8 dB incresse in wave atenuation without dgnificantly

changing the phase char acteristics.

3.3 Scanning Electron Microscopy of Cells

Inorder to confirm HEK293 atachment and viability on
LiTaO3 ad Au/Cr/LiTaO; surface, HEK293 cdls
(10,000-150,000 cdls/wel) were immobilized onto pre-
stailized SAW sersor chips using the immobilization
pratocol oulined ealier. Thecels were alowed to grow
inan incubator environment for a peiiod of 2 days and to
confirm this the &l morphology on the snsors wes
examined under a scanning eectron microscope, Figure9.
AnMTT ddl viability assay was dso performed and the
reults are shown in Figue 10. Both the eectron
micrographs and theMTT assay conf rmed tha HEK293
cdls had grow on both metdlised and unmetdlised
sensing aress on LiTa0;, and they do not appear to havea

preferred growth regon.

Figure 9. Scanning eectron micrographs (increasing magnification, left to right) of HEK 293 adls grown on a

LiTaO; SAW devicewith Au/Cr dedrodes.
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Figure 10. MTT cdl viability assay results.



HEK 293 cdls were grown on the biosensars integréed
with the PCB to verify that the devdoped immobilizaion
protocol @n be used to deposit and grow HEK293 cdls
on an assembled SAW/miaofluidic chamber setup. After
the cdlls were deposited on the biosensor chip, the devi ce
setup was covered with a gass cove slip ad kept in an
incubated environment for 2 days.
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Figure 11 Opticd microsmopeimages of HEK293 dls
gown on aSAW biosensor.

The cdl alture medium inthe MSL chambe was refilled
every 18 h to provide cdls with fresh growth medium.
The cdls on the sensor chip were observed under an
optical microscopeatter aperiod 0f48 h and as Figure 11
shows, HEK293 cls were succesfully deposited and
gown on the fully assembled device setup.

4. Condusion and Further Work

In this paper we have described the devedopment of a
hiosensor consisting of a low-loss SH-SAW biosensar, a
bologicd functiond layer of HEK293 cdls that was
deposited and grown on the SAW chips using a
austomized immabilization protocd and a designaed
microfluidc chanber. A cdl monitoring and
measurement systam was designed and built that dlows
the simultaneous red-time optica imaging and e ectrica
char acterization ofthe biosansor.

We have shown tha cdls can be grown on acoustic
sensors and that the signasare rd aed to both cell gronth
and density. T he basic principle means that the sensors
probe inside the cdls and are thus sensitive toits physcd
properties such asionic conductivity and viscod astidty.
The use o a pai r of acougic biosensors and di fferertid
measurements should alow high common mode rejection
o interfeing signds and higher semsitivity to transfeded
dls.

Further work is underway to probe acousticdly the
growth of HEK293 cdls on SH-SAW biosensors and
establish the rdationship between the acousto-dectric
signd and the growth phase ad condition of the cdls.
Cdls with ligand bindng sites will dso be immobilized
on the biosensors and thei r response to various chemicds
(ligand inhibitors axd activetors) be acousticdly
monitored. In this way we can monitor in red-time the
viability of cdls and in paticular their response to
specific ligands induding biologicd molecules such as
proténs and hormones as wdl & toxins and drugs
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