Development of an optical biochip for the analysisf
cell environment sensitivity

David Morris, Andrew Goater?, Anoop Menachery Julian Burt, Nadeem Riz¥j Daniel
Matthews, Huw Summer$ lestyn Pop& Boris Vojnovié¢, Kerenza Njoh
Sally Chappef, Rachel Erringtot) Paul Smith.

School of Electronic Engineering, University of \Ws) Bangor,
Dean Street, Bangor, Gwynedd LL57 1UT, United Kiowpd

UK Laser Micromachining Centre, Dean Street, BanGavynedd LL57 1UT, United Kingdom

3School of Physics and Astronomy, Cardiff University
The Parade, Cardiff CF24 3YB, United Kingdom

“Gray Cancer Institute, University of Oxford, Oxfotdnited Kingdom

®School of Medicine, Cardiff University, Heath Pa@ardiff, CF14 4XN, United Kingdom

ABSTRACT

An optical biochip is being developed for monitgrithe sensitivity of biological cells to a range efvironmental
changes. Such changes may include external fastiofs as temperature but can include changes vilihisuspending
media of the cell. The ability to measure such isigity has a broad application base including eonmental

monitoring, toxicity evaluation and drug discovefyhe device under development, capable of operatitiy both

suspension and adherent cell populations, empltegdrekinetic processes to monitor subtle changethé physico-
chemical properties of cells as environmental patans are varied. As such, the device is requaddintain cells in
a viable condition for extended periods of time.

The final device will employ integrated opticalufhination of cells using red emitting LED or laskavices with light
delivery to measurement regions achieved usingyiated micro-optical components. Measurements exftiedkinetic
phenomena such as dielectrophoresis and electiiorotavill be achieved through integrated opticaltedtors.
Environmental parameters can be varied while @altsactively retained within a measurement stractlihis enables
the properties and sensitivity of a cell populatiote temporally tracked.

The optical biochip described here uses a comleinaif microfabrication techniques including phatadigraphic and
laser micromachining processes. Here we describedhign and manufacturing processes to createothponents of
the environmental monitoring strutures of the agdtlmochip.
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INTRODUCTION

Biochips bring together the accuracy and flexipif microfabrication processes with biologicalatremical assays to
create an integrated environment for biotechnoligitocessing. The potential of biochip technolegyends over a
wide range of market sectors dominated by the liisriafhealthcare and drug discovery but also iticlg sectors such
as food and environmental monitoring and analy3ical biochips extend the fundamental biochipoagmt to include
optical principles either as part of a monitoringpgess such as absorbance or fluorescence meastiremas an



essential part of a reaction chain or assay sughamsynthesis and similar processes. Opticalhips can make use
of external or integrated light sources and detsdbait typically contain integrated optical deliy@omponents such as
light or waveguides, reflectors and lenses. Whiikré are many examples of optical integration withibchip devices,
the development challenges in optical biochips m@ving towards the integration of optical systempidally
associated with complex optical bench configuraticemd high costs. To meet such challenges advaimces
biotechnology for assay formatting, physics andtetamics for optical component development and afadsrication
are required.
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Fig. 1 Conceptual diagram of a simple optical hipdor biological cell analysis and subsequentsafion

Figure 1 shows a conceptual diagram of a simpleabiochip for the analysis and subsequent séiparaf a mixed
population of biological cells. The diagram dividd®e key processing steps into unit blocks. Sevditierent
technologies can be used in each block. For instanahis work, the particle direction switch dretmain inlet channel
is an electrokinetic module which uses microelat#trgenerated electric fields to direct cells witttie sample along
either outlet branch. However, such direction shiitg could be implemented using mechanical valadsdjtional fluid
flows or even magnetic beads if the cells are sgldyg labeled with magnetic particles. The deviedlined in figure 1
analyses a mixed population of cells which areomhiced through the inlet channel. Cells are focustma narrow
stream at a defined lateral position within therate. This stream corresponds to the optimum mositif an optical
sensor which detects a specified sub populatiorett$ within the channel. Knowledge of the celloaty allows the
switching unit to direct cells within the detecteab population along one outlet branch while ottedls are directed
along the second outlet branch. Within these brasickecondary sensing units can undertake furttadyss of the cell
population while corralling chambers can be usedoléect and hold further sub populations identifia the secondary
sensing processes. It is the development of thasalling chambers that is discussed here.

In many areas of biotechnology there is a needetalide to assess the reaction of single cells bpopulations to
changes in their physical or chemical environmei. example of a study of response to a change isipal
environment could be the monitoring of the generatif heat shock proteins by cells as environmeetaberature is
changed. Chemical changes to an environment caaldde the evaluation of potential drug toxicityagarticular cell
type. For adherent cell lines changes in cell emritent can easily be introduced since cells becattahed to
surfaces within the biochip. Changes such as testyn@r can be applied to defined locations wherbamical changes
can be introduced by the flow of a suitable mediardhe attached cells. For suspension cells, enwiental changes
on a defined group of cells are less easy to imptenOften the cells are required to be maintainedispension with a
continuous fresh supply of medium if cells are ® diudied over prolonged periods. Here we desdtibeuse of
microfluidic vortex-like structures combined witlptinal electrokinetic forces to hold cells withén continuously
moving fluid flow.



1 MICROFLUIDIC DESIGN

1.1. Overview

Within the optical biochip shown in figure 1 celbrecalling and collection occurs in a containmenarmiber located
adjoining the main fluidic outlet channel. The chamis circular is nature with an opening ontotiegn outlet channel
and a narrow control channel opposite the operlialls can be directed into and out of the chamlyea bumber of
means. The simplest method for directing cells the® chamber is to restrict the fluid flow throutfie outlet channel
and direct all flow through the control channeltekhatively, electrokinetic forces can be usediteat cells across the
inlet side of the media channel and selectivelystpwells into the containment chamber. Once calés within the
chamber, closing the control channel allows cellbé held within the containment chamber. Allowanfuid to flow
along the media channel, past the entrance todi@aionment chamber, causes the fluid within theaioment chamber
to move and circulate [1]. While a small portiontleé fluid within the chamber will flow into the mia channel, this is
balanced by fresh media entering from the mediamblainto the containment chamber. At the same,tichemical
species in the circulating fluid within the contaient chamber diffuse into the fluid stream withie tmedia channel
and vice versa. Cells within the containment chamatoe carried by the fluid flow and circulate arduhe chamber so
keeping the cells in suspension. To prevent lossetis optimal chamber design is required. Furitaamtrol of cell
position can be achieved using AC electrokineticds to ‘push’ cells towards the rear of the chamalsethey circulate.
Figure 2a shows a schematic diagram of the contihichamber including a series of optional microeteies which
can be fabricated on either or both the upper ameéil surfaces of the containment chamber. Thereldes can be used
to both generate AC electrokinetic forces or tossechanges within the chamber fluid compositionthie work cell
characteristics were detected by monitoring theledieophoretic collection of cells onto microelectes
photolithographically fabricated on the lower segaf the chamber.
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Fig. 2 (A) Outline diagram of the cell containrhehamber illustrating operational components.3B)view of the fluidic
chamber showing dimensions that significantly iafiue the fluid flow profiles within the chamber.

1.2. Simulation

Figure 2b shows a 3D representation of the contamirchamber and identifies three critical dimensiahich, in
combination, determine the nature of the fluid flawthin the containment chamber. The dimensionhefmain media
channel effectively control the velocity of theifliat the chamber entrance. Since laminar flowmnegi exist within the
media channel the fluid velocity across the changmérance is significantly lower than the fluid »eity at the centre
of the channel.



Finite element analysis was used understand amchiaptthe operation of the containment channel.nddideling work
was carried out using Comsol Multiphysics 3.3 (Coh#sB, Sweden) to generate a multiphysics modeambine
fluid flow analysis with chemical diffusion, forcembnvection and electrical field analysis within@anductive media.

1.2.1. Microfluidic Flow

Fluid flow was simulated by the finite element gadn of the incompressible form of the Navier-Stelegjuation.
Chamber models of the form of figure 2b were geteeravith varying chamber entrance width, chambéghteand
chamber diameter. Depending on these dimensioasittulation model comprised of between 30,00045H600
degrees of freedom. The models assumed that aqoesdia flowed from the media inlet towards the raemlitlet with
the control channel having a blind termination adrayn the containment chamber. Parabolic entraloee Was

defined at the media inlet with a defined peakdfi¢locity. The distance between the inlet andagrte of the
containment chamber was sufficient run in to altbes simulation software to calculate the true flmwfile before the
entrance of the containment chamber. Figure 3 shbw/fluid velocity vectors for a 46th high, 620m diameter
chamber with a 400n wide entrance. The vectors clearly show the titony nature of the fluid flow with the velocity
on the entrance side significantly larger thandietrol channel side of the chamber.

B

Fig. 3 Fluid flow profiles within a 46@n high, 620m diameter optical biochip containment chamber w&i#f00 m wide
entrance. (A) Normalized fluid flow vectors showiting circulatory nature of the fluid flow withingtchamber.
The parabolic laminar flow profile within the medihannel is shown by shading levels in the lowet pithe
image. (B) Proportional fluid flow vectors showihiher velocity past the chamber entrance comptaréuke
rear of the chamber.

The vortex nature of the fluid flow in the chamisan be optimized by varying the relative dimensiohthe chamber
height, diameter and entrance width. Figure 4 shibesnfluence these parameters have on the vogeration. Figure
4a shows the position of the vortex centre withim thamber. Vortex formation was not possible farasmce aperture
widths greater than the data shown for each chahdight. Figure 4b shows the influence of the ertteaaperture area
on the maximum velocity at the chamber entrance. greater the aperture the more the media chaluiet fibw
encroaches into the containment chamber. Figushdwn the maximum velocity of the vortexing flurdthe opposite
direction to the, driving, media channel fluid flokhese simulation measurements were taken atidhéerght of the
containment chamber. The graphs of figure 4 shattiere is an optimum combination of dimensiomslie
formation of vortex flow within the containment chber. Vortexing will only occur for a defined rangkentrance
aperture areas with the maximum vortex velocityhbeletermined by the aspect ratio of the entrapeetare.
Maximum vortex velocity occurs when the entrancdttviio chamber height ratio is of the order of 0.8.
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Fig. 4 The influence of chamber height and eneaqerture width on the fluid flow within a 62@ diameter containment
chamber. (A) The variation in the position of tht@tex centre from the middle of the chamber enganeasured
perpendicular to the media channel. (B) Variatiofiaid velocity at the centre of the chamber emteaperture.
(C) Maximum fluid vortex velocity in the opposit&ekction to the media channel fluid flow.

1.2.2. Diffusion and convection

Changing the chemical environment within the conteént chamber is achieved by altering the composdf the
fluid flowing along the media channel. Changeshim tomposition of the containment chamber fluidunas a result of
forced convection and diffusion processes betwkerthamber fluid and the media channel fluid. Taibyccells are
suspended in ionic media roughly equivalent todiwso chloride concentration of 150mM. For this widink
containment chamber was used to demonstrate tlsé@isiy cell electrokinetic motion to variations the electrical
conductivity of their suspending medium. To thigl gtihe variation in the concentration of sodium ahtbride ions
within the containment chamber was simulated. Tiiteal conditions for the simulation defined thencentration of
both species in the containment chamber to be 1504 the concentration within the media channatset to
zero. Figure 5a shows the variation in averagesxathamber sodium chloride concentration with tforea media
channel fluid with a peak flow velocity of 108V/s. It can be seen that at this low flow veloeity0x reduction in
conductivity is achieved in 15 minutes.
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Fig. 5 (A) Graph of the simulated average sodilioride concentration within the sample chambehiine for a media

channel peak velocity of 10@n/s. (B) Graph of simulated measured conductancalffetectrodes shown in
figure 2a (solid) and rear half of the electrodefigure 2a (dashed)

1.2.3. Electrical conductivity

The electrodes shown in figure 2a can be useddtir the generation of AC electrokinetic forces gsist in the
retention of cells in the vortex flow or for sergichanges in electrical conductance within the diexrmesulting from



changes in the chemical composition of the charfibigr. Simulation of this sensing application isosin in figure 5b.
The solid line represents the measured conductasing all electrodes in figure 2a while the daslmel shows the
conductance measured using the 8 electrodes puditimrthest from the chamber entrance. In botbst®e electrodes
were energized with alternate positive and negaueal voltages so causing conductance measuretndrgs
dominated by the conductivity of chamber media leetwadjacent electrodes. Both graphs show a hitigdl in
conductance which drops rapidly as the chamberwaivity is reduced. The initial measured conductais a function
of the effective areas of the two electrode grolipe difference in the rate of conductance redandgdnfluenced by
the fact that when all electrodes are used, tlseaesignificant area of the electrodes that is oméag the fluid from the
media channel as it encroaches into the chambeareat Since this fluid is designated to have sedium chloride
concentration it will cause these electrodes tosueaa conductance close to zero and so giveepestaitial
reduction. Both electrodes approach the same coemice after 15mins when the chamber fluid concgatrgradient
is less.

2 DEVICE FABRICATION

Simulation studies of the containment chamber perémce led to critical chamber dimensions of tB@iameter,
320 m height and an entrance width of 36@ A simple chamber containing biochip was desigaed fabricated to fit
into a microfluidic platform consisting of a Perggd#ase plate into which a series of fluid delivand extraction pipes
had been machined. The pipes led to a series olatdygspaced openings which mated, using smabbeulo-rings, to
the underside of the biochip device. Good fluidseatween the platform and biochip were ensureddyping an
upper Perspex plate over the biochip. The uppée glantained a 2.5cm diameter circular beveled twédlow
microscope observation of cells within the bioctifamber.

Laser micromachining was used to create the fliddimponents of the biochip. Laser micromachining as
manufacturing technique has emerged from the dpwedot of micro and nanotechnologies over the pastiecades.
While laser micromachining is still considered avrgrocess in many areas of microengineering, itdem®me an
established manufacturing method in niche appbcatireas such as inkjet printer nozzle drillingd8yl flat panel
display patterning [3]. Accurate laser micromachiniends to use pulsed lasers at wavelengths dsd gurations
where heating and melting based surface disrugiaminimal. By controlling the number of laser ppdsand hence the
total incident radiation, precise machining degtas be achieved while minimal thermal distortioows. In this work
a femtosecond pulsed infrared (800nm) Ti:Sapphisen (Spectra Physics Inc., USA) integrated int&x@tech

M2000F Laser Micromachining Workstation (Exitecld LUK) was used. This laser configuration produt2@fs laser
pulses with a beam power density of up to 1.25VkdBeam delivery components allowed the computetrobof

beam power density and focusing. Typically the beama focused to a 2én spot delivering power densities up to
0.1MWcni?. The ability to deliver such a high power dengitguch a short period of time allows femtosecasgis to
machine virtually any material to high accuracyddiionally, since the pulse duration is much skothan the time
required to conduct heat away from the exposedsaadidhe absorbed beam energy is translated tonération-based
ablation process. The laser micromachining waserhout using a direct writing process [4] whichkes use of a laser
beam tightly focused to a small spot which is moweer the surface of the sample workpiece duringhiméng. The
beam fluence at focus is above the ablation thidsbfdhe workpiece material causing machining awer path taken
by the beam. Control of beam movement allows ahyit2D patterns to be machined and, by overlayongsecutive
machining runs with slightly different beam patBB, structures can also be produced.

The base substrate for the biochip was a 50mm x1¥§hass plate 1mm thick. 1mm diameter fluid inled autlet
holes were drilled through the plate using a feetosd laser adopting a trepanning-based technigo@chine a
trench around the circumference of the hole. Thepiete hole is formed when the trench depth extafidhe way
through the glass sheet and the unmachined ceuirtdn of the hole is able to fall away. Hole maahg was
achieved using a beam power density of 30kW aemd an effective workpiece velocity of 0.22mm tifihe
microfluidic channel system, including the contaamhchamber, were fabricated in a single, adhdseged, 250m
thick polymer sheet (Melinex A, Katco Ltd. UK) [4The benefits of femtosecond laser machining arextremely
high cut quality with no significant machining debrThe lack of debris is of benefit when micromiaaiy composite
materials such as the adhesive backed polymertadedm the containment chambers. The sheet cortbnéa

250 m rigid polymer sheet coated on both sides witl anbthick layer of adhesive which, in turn, was cdatéth a
protective cover. Fluidic channels with containmetmaimbers were machined in a single operation wslmgam power



density of 30kW crii and an effective workpiece velocity of 5mm thifT he ionizing nature of the ablation process
meant that all three materials of the polymer shadtsimilar ablation characteristics. Device assdgmwas carried out
by first removing one layer of protective cover dnmhding the polymer to the glass substrate usiagspire from a
series of heated rollers at®80to ensure good contact between the two surfiied.the second protective cover was
removed and a second, encapsulating, glass plat®ovaled to the upper surface. Finally, the coragldevice was
passed through the heated rollers to ensure abfirmd between all layers of the device.

Microelectrodes used for containment chamber fhaidductivity measurement and the generation otrelkinetic
forces were fabricated on the lower glass substTdte substrate was coated with a 100nm gold fiith & 5nm
chrome adhesion layer using thermal evaporaticectiide patterns were formed by mask exposure asingvVG 620
mask aligner (EVG, Germany) and a direct lasernteni{Heidelberg Instruments DWL66, Heidelberg lmstents,
Germany) chrome on glass mask followed by wet atchror devices containing microelectrodes, thgmel fluidic
layer and substrate were assembled using the nigakrto ensure correct positioning of the eledé®relative to the
containment chamber.

RESULTS AND DISCUSSION

A fabricated containment chamber held in the mlaidic platform is shown in close-up in figure 6h§ opening in the
upper plate of the platform is clearly visible otlee containment chamber structure. The fluid-digvinedia channel
can be seen traveling horizontally across the imaje control channel extends from the central@ontent chamber
to the right side of the image. Figure 7 showsmanalized conductance measurement from a microetbetarray
fabricated on the bottom surface of the containnsatmber. The conductance was measured by usimegvietti
Packard 4192A Impedance Analyzer using a 1Vpp, BH@0kinusoidal measurement signal. The form ofréglis
similar to the simulation results of figure 5. [Rifénces between the simulation and measured datsecattributed to
differences in the structure of the fabricated chenwhich may subtly alter the fluid flow but whigfere not included
in the generalized model. Additionally, even thoegtelatively high measurement frequency was wdestrode
polarization effects associated with the use ofrogiflectrodes will also influence the conductancasneement. Such
factors, associated with the electrical conductamzkcapacitance of the electrical double lay#hatelectrode surface,
can generally be calibrated for when media of anéefcomposition is used. The final conductancesmesl by the
electrodes is equivalent to a medium conductivitground 150S cm’.

o o o
= ® ©

o
Y

Normalised measured conductance
o o o
w IS 2]

o
Y

I
[

5}

100 200 300 400 500 600 700 800 900 1000

5}

Fig. 6 A close-up view of the fabricated Fig. 7 The change in conductance measured by
containment chamber held in the fluidic microelectrodes placed on the lower surface of the
platform containment chamber. The graph shows

normalised conductance from measurement of a
starting chamber conductivity of 508 cm™.



Figure 8 shows images of a containment chamber tosiedestigate the influence of medium conducyiwh the
dielectrophoretic characteristics of yeast celigl€trophoresis is the motion of particles indubgdexposure to non-
uniform electric fields [5,6]. The magnitude andedtion of the force is a function of the differeria the electrical
conductivity and permittivity of the cell and itaspending medium along with the electric field niagte, frequency
and geometry. In general, for biological cellsfratjuencies below 1MHz the dielectrophoretic fasceontrolled by the
difference in medium and cell conductivities whearparmittivity differences tend to dominate abdvs frequency [7].
If the medium is more conductive than the cell, ¢l experiences a negative dielectorphoreticdaticected away
from areas of high field intensity. In the caselef horizontal interdigitated electrodes shownigarfe 8 a negative
force would push cells away from the electrodeae$ into the bulk solution above the electroddbel medium
conductivity is lower than that of the cell a pogtforce is experienced causing cells to moveaoiiéct at the edges
of the electrodes where the field intensity is tgsal
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Fig. 8 Images illustrating the influence of suggiag media conductivity on the dielectrophoretitiextion of yeast cells.
(A) Initial conditions with cells in a high condtiaty media. Negative dielectrophoresis repelldscitom the
electrodes into the bulk media. (B) Cells collectedlectrode edges by positive dielectrophoresthas
containment chamber media conductivity is redugediffusion and forced convection processes.

Figure 8a shows a view of the containment chamhertly after fluid circulation has commenced. Thajonity of the
cells are in suspension. However, a number hatledeinto the lower surface of the chamber. Theteldes were
energized with the measurement signal from the E#wlackard Impedance Analyzer to allow simultaseou
measurement of the chamber conductivity and therggion of a weak non-uniform electric field. Thartng
conductivity of the chamber fluid is 50mS ¢na conductivity high enough to ensure that celfsegience a weak
negative dielectrophoretic force away from the etate edges. Figure 8b shows a view of the chamfer 1.5min of
operation. After this time the conductivity of tbkamber medium has reduced to a value below théuctinity of the
yeast cells and so they experienced a positivecti@phoretic force towards the electrodes. Inrégb cells can be
seen collected as either single cells or clustersgahe electrode edges. Additionally, large @usbf collected cells
can be observed in the inter-electrode regionsnartle perimeter of the chamber. These clustera agsult of cell to
cell dielectrophoretic collection caused by cadlsdlly distorting the electric field to form locateas of higher field
intensity which, in turn, causes cells to form largins in inter-electrodes regions. As cell cotregions increase the
chains become clusters of collected cells. Thetiogaf the clusters around the perimeter of thenaber is due to two
factors. Firstly cells are pulled to the high fighdensity that exists at the tip of alternate iidigitated electrodes.
Secondly, the collection process involves the lmafanof the dielectrophoretic force with the fluitbtion forces. Since
the fluid velocity is lower at the perimeter of ttigamber, cells in this region will collect moresidathan cells in the
centre of the chamber. Also, as cells in the cesfténe containment chamber, pulled by the positiedectrophoretic
force, move closer to the electrodes, the fluideiy reduces and there is the possibility thatsinenger
dielectrophoretic force from the end of the eledé®is able to draw cells towards the perimet¢h@ithamber.



CONCLUSIONS

The optical biochip structures described here fdamonstrated the ability to contain suspensiors cgithin defined
regions of microfluidic systems by the use of veiased circulating fluid movement. Through diffusiand forced
convection processes, such structures can alsedzkta accurately control the physical and chengoalronment that
restrained cells experience and hence be used titanoenvironmental influences on the physico-clehi
characteristics of cells. Here, changing the mediomic concentration and hence electrical conditgtiof the

containment structure environment has been usddrtmnstrate the sensitivity of the dielectrophaoratotion of yeast
cells to medium conductivity.
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