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Abstract. Micro-optical systems based on refractive microlenses are in-
vestigated. These systems are integrated on a chemical chip. They focus
an excitation beam into the detection volume (microliter or even submi-
croliter scale) and collect the emitted light from fluorescent molecules.
The fluorescence must be carefully separated by spatial and spectral
filtering from the excitation. This paper presents the ray tracing simula-
tion, fabrication, and measurement of three illumination systems. The
measurements show that an adroit placement and combination of micro-
fabricated lenses and stops can increase the separation between the
excitation light and the fluorescence light. Moreover we present the suc-
cessful detection of a 20 nM Cy5™ (Amersham Life Science Ltd.) solu-
tion in a 100-um-wide and 50-um-deep microchannel (excitation volume
~250 pL) using one of these illumination systems. The microchemical
chip with the micro-optical system has a thickness of less than 2 mm.

Subject terms: biomedical optics; fluorescence; micro-optics; microlenses.

1 Introduction

Microfabricationtechnologyhasbecomea widely usedap-
proachin the developmentof miniaturized systemsfor
chemicalanalysisin microfluidic channels:® In suchsys-
temsoneof the mostcommonlyusedmodesof detectionis
fluorescencedue to its selectivity and high sensitivity!®
The successfulmplementationof the detectionsystemre-
lies on threefactors.First, an excitationbeammustbe fo-
cusedinto the tiny detectionvolume (lessthan10™2 mn,
or 1 nL). Thefluorescencdight mustthenbe collectedand
separatedrom the unabsorbecxcitationlight at the inci-
dent wavelength.Finally, the fluorescencdight must be
transportedo a detector.This is challengingfor the detec-
tion system,becausehe optical componentsnustbe pre-
cisely alignedwith respecto a microchannebr microwell
which hasa width on the orderof tensof micrometersThe
problem becomeseven more complicatedwhen detection
in an array of closely spacedmicrofluidic channelsis de-
sired. Presently,the most commonly used strategyis to
scanthe analyticalchip with respecto a stationaryoptical
detectionsystem(such as a confocal microscopg or by
sweepingthe channelswith a light beam® Thesesolutions
require precise and thus often expensiveand bulky me-
chanical systems,such as translation stagesor movable
mirror systems,which are almostimpossibleto integrate
and thereforenot suitablefor the realizationof a micro-
total-analysissystem(uTAS).

The aim of this paperis to study micro-opticalsystems
for fluorescenceletectionthat caneventuallybe integrated
directly onto chips. For that purpose,we simulatedand
built threeillumination systemscomposef refractivemi-
crolensesWe showhow adroitplacementindutilization of
microlensesmakeit possibleto focus an excitationbeam

into a tiny volume while allowing for fluorescencdight
collection and its separationfrom the transmitted(unab-
sorbed excitationlight. Moreover,the micro-opticalfabri-
cationmethodis compatiblewith the microfabricationtech-
nigues(photolithographychemicalwet etching commonly
usedto realize microfluidic networkson chip (chemical
chip).>~8B Integrated detection systemsfor uTAS can
thereforebe realizedby thesemeans.

2 Detection Principle

Although some moleculesare naturally fluorescent(e.qg.,
riboflavin, vitamin B2), the fluorescenceemissionis often
ratherweak,andmostmoleculesn fact do notfluorescence
at all. For this reasonfluorescentabels(or fluorochromeps
are often chemically attachedto the substanceo be de-
tected. When the analyte containing the fluorescentmol-
eculesis illuminatedat an appropriatevavelength fluores-
cence light is generatedat a lower energy (longer
wavelength. Absorptionand emissionspectraare specific
to eachfluorescentmolecule. The difference betweenthe
excitationpeakandthe fluorescencgeakrangesfrom 7 to
238 nm.}* The extinction coefficiente, the quantumyield
¢, andthe fluorescencdifetime r arethe threemain fluo-
rochromeparametersThe extinction coefficientrepresents
the probability of absorptionof excitation photonsby the
fluorescenimolecules Useful fluorochromeshavean exci-
tation coefficient ranging from 40,000 to 250,000
M~1 cm . Thequantumyield is definedasthe numberof
guantaemitteddivided by the numberof quantaabsorbed.
For practical purposes,the quantum yields should be
greaterthan 0.1. The fluorescencdifetime is the average
time that a moleculeremainsin the excitedstate.It ranges
from 100 nsdownto 1 ns!®
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Fig. 1 Separation scheme. Part of the excitation light /, is absorbed
by the fluorochrome in solution and used to generate fluorescence
light /. Here /- represents the part of the fluorescence light that is
collected, and /, the part that is lost. After the interference filter, the
fluorescence light intensity /s must be greater than the remaining
excitation light /.

Theabsorbancef a solutioncontainingfluorescentnol-
eculesis definedby the Lambert-Beedaw,®’

I
A=|Og|—o=6|C, (1)
T

wherel is theincidentexcitationintensity, | 1 is the trans-
mitted excitation intensity, ¢ is the concentrationof the
fluorescentmoleculesper unit volume (usually given in
molesper liter), and| is the path length of the excitation
light throughthe sample.The Lambert-Beellaw describes
correctlytheabsorbancéor fluorochromeconcentrationsf
0.01M or lower. Above this concentrationijnteractionbe-
tweenabsorbingmoleculesreduceshe absorbancé’

The amountof excitationlight absorbedby fluorescent
moleculescanbe calculatedwith Eq. (1). Sincethe fluores-
cencelight intensity | ¢ is proportionalto the amountof
absorbedexcitation light (I;—17) and to the quantum
yield '8 it canbe expressedy

le=lo(1—1074). 2

By combiningEgs.(1) and(2), theratio of thefluorescence
to the transmittedlight intensity becomes

I
[o=#(10-1). 3
In the caseof a 10-nM solution of Cy5™ (cyanine dye
moleculesg>0.28,e=250,000M ! cm™?) in adetection
cell 25 um deep,the ratio | /17 is about4x 10" 6. The
fluorescencentensity is thus about250,000times weaker
thanthe excitationintensity.
Therefore,fluorescencaletectioncannotbe performed
without separatinghe fluorescencéight from the transmit-
ted excitationlight. Interferencefilters are commonlyused
for that purpose(seeFig. 1). In theideal casewhereall the
fluorescencdight wascollected(a situationwhich is hardly
conceivablébecausef the uniform angularemissionof the
fluorescencdight), the lost fluorescencdight 1, would be

0. Thus,theratio betweerthe fluorescencéight | g andthe
transmittedexcitationlight 1y remainingafter the interfer-
encefilter would be given by

:—§:¢(10“—1)100D<e>—0'3<f>, (4

whereOD(f) is the optical densityof the filters at the fluo-

rescencavavelength(meanvalue andOD(e) is the optical
density at the excitation wavelength.A commercialfilter

specifically designedfor Cy5™ detectionhas a value of

27x 102 (maximal transmissiorof 94%) for OD(f) anda
valueof about5 (transmissionessthan10™ %) for OD(e).

Although this is anideal case the fluorescencdight inten-
sity is still about 2.6 times weakerthan the transmitted
excitationintensity.

In most cases,the fluorescencedlight is collected by
meansof an objective with a limited numericalaperture
(I.#0). The ratio betweenthe total amountof fluores-
cencelight emittedfrom the detectionvolume (I ) andthe
collectedfluorescencdight | - is thengiven by

lc 1—cosé .
ik (5)
where# is theacceptancangleof the detectionsystemOn

replacing # with the numericalapertureNA, Eq. (5) be-
comes

lc  1—(1—NA?%n?)?2

wheren is the refractiveindex of the mediumbeforethe
collectionlens, or objective.On inserting (6) into (4), the
ratio betweenl g and |l now becomes

1—(1-NA?n?)?
5 -
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Even for an objective with the unusually high numerical
apertureof 0.9 (typical NAs for confocalsystemsare0.3to
0.8), the ratio of Ig to | is reducedto about0.1. This
meanghatthe fluorescencéntensity collectedwith the ob-
jectiveis about10 timessmallerthanthe transmittedexci-
tation intensity. This is reducedevenfurther, to a value of
4x10°3, for a NA of 0.3, which is a typical value for a
refractivemicrolens.

Of course,a part of the transmittedexcitation that is
scatteredat systeminterfaces(e.g. at the microchannel
walls) is not collected by the objective either. This will
slightly increasethe ratio of 15 to Iy. However,spectral
separatioraloneremainsinsufficient,so thatthe separation
betweenthe fluorescenceand the unabsorbedexcitation
light mustbe improved. Angular separatioror the fluoro-
chrome emissionlifetime may be exploited for this pur-
pose. The short fluorescencelifetime of most fluoro-
chromesmakesit difficult to applytime-resolvedietection,
and requires sophisticatedacquisition systemswith very
fast photodetectors’2° For this reasonwe chosethe com-
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Fig. 2 2-D ray-trace simulation of beam-splitting illumination with
two layers of microlenses. The first two microlenses are 280 um
wide (focal length 649 um), and the third microlens, on the second
layer, is 600 um wide (focal length 800 um).

binationof spectralandangularseparatiorasour approach
for fluorescencaletectionin microfluidic systems.

3 Separation of Fluorescence Light and
Transmitted Excitation Light

The separatiorof fluorescencdight andtransmittedexcita-
tion light is a relatively easytask with standardoptical
componentssuch as microscopeobjectives,beamsplitters,
or dichroic mirrors and interferencefilters. They can be
easily combinedto realizeillumination and collection sys-
temsthat are perpendiculato one another,or on the same
sideof the chip asin confocalmicroscopy?® In thesecases,
I+ entirely composedf back-andside-scattereéxcitation
light, which can be easily eliminated by the interference
filter. Unfortunately, beamsplittersand dichroic mirrors
cannotbe integratedinto microfluidic devices.Thus, the
excitation and collection systemsmust be placed on the
sameside of the microchemicakhip. Furthermorethe sur-
face occupiedby the excitationsystemis lost for the col-
lection systemwhich reduceseitherthe amountof fluores-
cencelight collected,and hencethe systemsensitivity, or
the numberof channelsper chip.

The othersolutionconsistsin realizinga stackedsystem
with the excitationsystemon oneside of the chemicalchip
andthe detectionsystemon the otherside.In this case the
false light is mainly transmittedexcitationlight. Its inten-
sity is more important, thus requiring a better separation.
Thuswe combinestacksof microlensesandstopsto realize
excitation configurationsthat createan angularseparation
betweenthe unabsorbedexcitation light and the fluores-
cencelight. As shownin the ray-tracesimulationsin Figs.
2—4, theseexcitationsystemsamakeit possiblenot only to
focusthe excitationbeaminto the detectioncells, but also
to reducethe remainingexcitationintensity at the detector
position by blocking or directing sidewaysthe transmitted
excitation beam.Optimization of thesesystemswould re-
quire a maximumexcitationintensity in the microchannel,
amaximumseparatiorbetweerfluorescencandexcitation
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Fig. 3 2-D ray-trace simulation of an off-axis illumination. The mi-
crolenses on both layers are 280 um wide (focal length 700 um).

light, and a numericalapertureof the collection microlens
as large as possible. The microlens focal length can be
fixed with a precisionof =2% during the microfabrication
process? Ideally, the microlensdiameterand focal length
would be adjustedo the thicknessof the glasssubstratein

which the microchannelsareformed,to ensurea maximum
excitationintensity in the channel.Moreover, the size of

theseoptical elements(of the order of a few hundredmi-

crometers allows the fabricationof a large numberof de-
tection systemswhich is one of the major milestonesfor

MTAS technology.

Figure 2 illustrates a beam-splittingconfiguration.As
this cross-sectionaliew shows,the illumination systemis
composedof two layers of cylindrical microlenses.The
first two lensessplit the incoming beamof light, while the
third onefocuseghetwo resultingbeamsnto the detection
cell or microchannelThe beamsdivergeasthey leavethe
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Fig. 4 2-D ray-trace simulation of an central-stop illumination sys-
tem. The microlenses is 310 um wide (focal length 550 um). The
stop has a diameter of 180 um.
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Fig. 5 Main fabrication steps for deposition of a microlens array on
a glass or quartz chemical chip.

chip, producinga dark areaa few millimeters behindthe
chip wherea collectionmicrolensor a photodetectocould
be placed.The off-axis illumination schemeas anothermpos-
sibility. In this case the incomingbeamforms an angleof
45 degwith respecto the surfaceof the microchip.As can
be seenfrom the ray tracingdiagramin Fig. 3, afirst layer
of microlensesplits andfocusesthe beaminto severalde-
tection microchannelsA secondlayer of microlensesde-
positedon the otherside of the microchip,directsthe light
sidewaysand also collects and focusesthe fluorescence
light onto the detector.The ray tracing diagramof Fig. 4
presentsa third layout. A circular stop blocks the central
partof the excitationbeam.As in thefirst casethelight is
focusedinto the microchannebnddivergesasit leavesthe
microchip.A collectionmicrolensand/ora detectorwould
be placedin the dark area.The optical effect of the micro-
channelsn Figs.2—4 hasbeenneglectedbecausenly the
illumination systemhashbeenrealizedfor the experimental
comparisonRay tracingwasnot carriedout for the collec-
tion of the fluorescencdight.

Thesethreeillumination systemscanbe basedon either
cylindrical or spherical microlenses. The fabrication
method, as describedin the next paragraph remainsthe
same.The main differenceis the shapeof the light spot
insidethe microchannelFor sphericalmicrolenseghe spot
is circular, whereadfor cylindrical microlensest is aline.
A focal line, which permits the excitation of a complete
microchannekection,could be a way to increasethe illu-
mination volume for detection of low fluorochrome
concentration$®

4 Fabrication Method

Figure5 showsthe fabricationmethodfor refractivemicro-
lenseslt is basedon photolithographidechnology but this
kind of microlensescan also be obtainedwith othertech-
niquessuchasdirectwriting or hotembossing* A layer of
photoresistis first depositedeither on a glassor a quartz
chemicalchip. The microlensescan also be depositedon
independenwvafers,which will be placedandaligned(e.g.,
with a flip chip bondej on the chemicalchip afterwards.
The photosensitivdayer is then exposedthrougha chro-
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)

Fig. 6 Top view of photoresist spherical microlenses (slightly defo-
cused) deposited on a sealed chemical chip. A magnified image of a
microchannel can be seen in every microlens. The microlenses are
310 wm wide and about 33 um high. The microchannels are 50 um
deep and 110 um wide.

mium maskwith the help of a maskaligner. Oncedevel-
oped, the chip is heatedup in an oven at about 150°C.
There, the photoresistmelts, and under the influence of
surfacetension,the microlensesare formed. Dependingon
the baseshapeof the photoresistylinder, variouskinds of
microlensescan be obtained?® Sphericalmicrolensarrays
of diameterassmallas2 um andaslarge as severalmil-

limeterscan be producedby meansof this technique Fig-

ure 6 shows 310-um-wide photoresistmicrolenseson a
glasschip.

It is alsopossibleto add aperturesand stopsdirectly on
the samewafer,asshownon the left photograptof Fig. 11
(Sec.5). In that case the fabricationprocessheginswith a
low-pressureehemicalvapordeposition(LPCVD) of a me-
tallic or absorbingayeron the surfaceof the chemicalchip
or the wafer. This layer is then patternedby photolitho-
graphic and wet etching techniques.Finally, the micro-
lensesare fabricatedas describedabove.Alignment marks
madeon the wafer during the photolithographicstepsfor
fabrication of the microlensesand aperturesallow precise

positioning®2°

5 Results

All threeillumination conceptgresentedn Figs.2—4 have
beenrealized with off-the-shell components(i.e., micro-
lensesoptimized for other application$. The microlens
specificationsand,in the caseof the beam-splittingsystem,
the gap betweenthe first and the secondmicrolenswafer
have beenchosento maximize the excitation intensity in
the microchannel.The ray tracing simulationswere per-
formedwith the assumptiorthatthe differencebetweerthe
refractive indices of the melted photoresistand the glass
(=1.62and~1.54,respectivelyat 633nm) is negligible.A
10-mW He-Nelaserwasusedfor the excitation.The beam
wasexpandedindcollimated.Theintensitydistributionbe-
hind the systemswas measuredby meansof a diffusing
screerplacedin front of a CCD cameraThebeam-splitting
schemas composedf cylindrical microlenseon two 25-
mmX25-mm glassplatesof 0.5-mmthickness.The plates
were assembleby precisealignmentundera microscope,
followed by bondingusinga UV-curableglue. Glassspac-
ersanda transparensheet,on which a patternof apertures
wasprinted,wereinsertedbetweerthetwo plates.The pur-
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Fig. 7 Top picture: illumination scheme of the beam-splitting illumi-
nation system. The five bottom pictures show (from left to right): first
layer of cylindrical microlens, focal lines situated between the two
optical layers, focus spot (detection cell), and diverging beams at 1
and 5 mm away from the detection cell.

poseof this patternwasto block the light passingaround
the microlenses.The photographsn Fig. 7 show the first
platewith the two cylindrical microlensesandthe intensity
distributionof the excitationbeamin a planeperpendicular
to the z axis and at different points within and behindthe
assemblyThe imagestakenbehindthe layer, which would
normally containthe microchannels¢learly showthat the
exiting beamsdiverge rapidly. The distancebetweenthe
two beamsincreasesrom 0.45mm at 1-mm distancefrom
the chip to about2 mm at 5 mm. The false-lightintensity
behindthe collection microlens(wherethe detectorwould
be placed wasmainly the resultof anincompletelyopaque
aperturelayer. Despite some excitation light passingbe-
tweenthe two first microlensestheintensityis still about8
timesweakerthanon the sides(seeFig. 8). The excitation
volume would be given here by the microchannelcross-
sectionandthe excitationspotdimensionalong the micro-
channel(i.e., the lengthof the cylindrical microlens. For a
microchannel110 ym wide and 50 um deepand a spot
length of =~2.1 mm, the excitation volume would be ~8
nL.

The off-axis schemewasrealizedusingthe samekind of
glassplateswith cylindrical microlensesAgain the plates
were alignedundera microscopeand glued togetherwith
UV-curable glue. Figure 9 shows a sequenceof photo-
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Fig. 8 Line plot of the intensity distribution in a plane situated 5 mm
away from the focal plane. The scan was taken along the y axis,
normal to the optical axis.

Fig. 9 Top picture: illumination scheme of the off-axis illumination
system. Five bottom pictures show (from left to right): stacks of cy-
lindrical microlens arrays, and exiting beams moving sideways from
the detection axis at about 1, 5, and 10 mm away from the surface of
the chip.

graphsof the microlensstack,the light distribution at the
level of the secondlayer of microlensesand the intensity
distributionalongthe z axisin perpendiculaplanesat vari-

ous distancesfrom the surface.The distancebetweenthe
centerof the exiting beam(light spo) andthe z axis (pho-
todetectormosition increasedrom 0 to 4.8 mm asthe dif-

fusing screerwas movedfrom 1 to 10 mm away from the
chip. As can be seenfrom Fig. 10, the intensity at the
detectormositionis about4 timesweakerthanin the exiting

beampositionsat a distanceof 5 mm from the chip. The
falselight is mainly generateddy the light passingin the
gap betweenthe microlensesor at the rim of the micro-
lensesTheintegrationof aperturesouldincreasehe sepa-
ration. As in the previous system,the excitation volume
would be given by the microchannekrosssectionandthe
excitation spot dimensionalong the microchannelithe re-

sultis the same:~8 nL.

The systemwith the centralstopwasrealizedon asingle
glasswafer (diameterl00 mm andthickness0.5 mm). The
photographon the left in Fig. 11 showsmicrolenseswith
stopsat their centers.Then, in the next photographsthe
intensity distribution of the excitation beam passing
throughthe systemcan be observed.The light is first fo-
cusedonto a spotwherethe detectioncell would be placed
andthendivergesasit leavesthe chip. A darkcirculararea

250 |

3 200 ‘

- detector

2> 120 position }

B 100

g 50

3 0‘7'7 i | ~
0 2 4 6 8 10 12 14

distance (mm)

Fig. 10 Line plot of the intensity distribution in a plane situated 5
mm away from the focal plane. The scan was taken along the y axis,
normal to the optical axis.
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Fig. 11 Top picture: illumination scheme of the central-stop illumi-
nation system. Five bottom pictures show (from left to right): spheri-
cal microlens array with chromium stop, and exiting beams at 0, 1,
2, and 3 mm away from the focal plane. The bright corona around
the dark area is due to the light passing around the microlens.

with aradiusof 0.4 mmis createdn a planeperpendicular
to the z axis, 3 mm away from the surfaceof the chip.
There,as shownin Fig. 12, the intensity at the detector
positionis betweent and7 timesweakerthanon the sides.
As is clearly shownin Fig. 11, the light thatis not focused
by the microlens(bright outerring) addsto the falselight.
Again the solutionto this problemis the integrationof ap-
ertures.Unlike the other systemsthe excitationmicrolens
is circular. The excitationvolumeis thus given by the mi-
crochanneblepthandthe excitation-spotadius(aslong as
the spotdiameterdoesnot exceedthe microchanneividth).
For a spotradiusof ~40 um anda 110-um-wide and 50-
um-deepmicrochannel,the excitation volume would be
~250pL.

In termsof assemblythe beam-splittingexcitationsys-
tem is the most difficult, requiring two microlenslayers.
Thereforeit is morecomplexanddifficult to align thanthe
other systemsOn the other hand,nearly all the excitation
light passingthrough the microlensesis usableto excite
fluorochromeswhich is also true for the off-axis system,
but not for the central-stopsystem.n this latter case,if the
stop is aboutthree-fifthsof the microlensdiameter,only
about55% of the excitationlight passingthroughthe mi-
crolensis used.With regardto optical quality, the beam
focusedby the off-axis systemhasmore aberrationsThus,
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Fig. 12 Line plot of the intensity distribution in a plane situated 3
mm away from the focal plane. The scan was taken along the y axis,
normal to the optical axis.
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Fig. 13 Fluorescence intensity versus time. After 100 s the Cy5 dye
concentration in the detection cell is reduced from 20 nM to O
(deionized water only). For comparison, the signal level without light
(He-Ne laser switched off) is shown.

it may be more difficult to control false light within the
chemicalchip, which could decreasehe sensitivity. One
solution would be to use elliptical microlensesto partly
compensatdor the influence of the incident angle. This
type of microlenscanbe realizedwith the fabricationtech-
nique describedn Sec.4.2?

Finally, the off-axis illumination systemwas chosento
be integratedonto a chemicalchip composedf two Pyrex
glass wafers, containing 50-um-deep and 110-um-wide
microchannelsThe sphericalphotoresisimicrolensesvere
310 um wide and about33 wm high. Two 400-um pin-
holesin an aluminum foil, centeredwith respectto the
refractivemicrolensesweregluedon both sidesof the chip
to block light not passingthroughthe microlenseslUnfor-
tunately, the diameterof the pinholeswas slightly larger
thanthe microlensdiametersThus,theydid not completely
block the light passingaroundthe rim of the microlenses,
resultingin a reductionof the separatiorbetweenthe fluo-
rescentlight andthe transmittedlight. For this reasonthe
pinholeswill be microfabricatedfor future systems.The
excitationwas providedby a 10-mW He-Nelaserwith an
incidentangleof 45 deg.Solutionsof Cy5 at concentrations
ranging from 50 uM to 10 nM in a solution of 50-mM
phosphatebuffer (pH 7.4) were used. The fluorescence
light collectedand collimatedby the secondsphericalmi-
crolens(NA 0.23 wasfiltered with the help of aninterfer-
encefilter (OmegaOptical XF46 EM) placedin front of a
photomultiplier (HamamatstH5701-5. The detectionand
collectionvolume are both ~250 pL. Figure 13 showsthe
signaldetectedor a concentratiorof 20 nM (with a signal
integrationtime of 1 s).2°

6 Conclusion

Microfabricationtechniquesnakepossiblethe combination
of microchemicakthipswith opticalcomponent®f reduced
size. The assemblingof theseelementsin stackedform is

conceivable.A complete microchemicalanalysis system
with a large numberof microchannel¢which meansthata
large number of samplescan be treated simultaneously
becomegpossibledueto the sizeandfabricationmethodof

the microlenses—whichs compatiblewith the microchip



fabricationtechnology.Furthermorewe presentedseveral
solutionsto realizean integrateddetectionsystem.

We havealsosuccessfullydemonstratethe detectionof

a 20-nM solutionof Cy5 fluoresceninoleculesin a micro-
channelby meansof an off-axis illumination system.

This conceptis highly adaptableandwill permitthe re-

alization and the integration of micro-optical systemsfor
MTAS in the nearfuture.
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