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Abstract

We report the use of thin-film organic photodiodes as integrated optical detectors for microscale chemiluminescence. The coppel
phthalocyanine—fullerene (CuPcsgL small molecule photodiodes have an external quantum efficieney36f6 at 600—700 nm, an ac-
tive area of 2mnx 8 mm and a total thickness ef2 mm. Simple detector fabrication, based on layer-by-layer vacuum deposition, allows
facile integration with planar chip-based systems. To demonstrate the efficacy of the approach,scpPatediodes were used to monitor
a peroxyoxalate based chemiluminescence reaction (PO-CL) within a poly(dimethylsiloxane) (PDMS) microfluidic device. Optimum results
were obtained for applied reagent flow rates ofx28min, yielding a CL signal of 8.8 nA within 11 min. Reproducibility was excellent with
typical relative standard deviations (R.S.D.) below 1.5%. Preliminary quantitation of hydrogen peroxide yielded a detection- limitvbf
and linearity over at least three decades. With improved sensitivity and when combined with enzymatic assays the described integrated devic
could find many applications ipoint-of-carediagnostics.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction to the low solubility and CL efficiency of oxalate esters in
aqueous media. However, the addition of surfactants or mi-
Chemiluminescence (CL) is a common detection method croemulsions can overcome these limitatif@ls In organic
for liquid phase analysifl]. CL reactions typically involve  solvents, PO-CL based methods yield high CL quantum ef-
the formation of a metastable reaction intermediate or productficiencies[4] and can be used in conjunction with a wide
in an electronically excited state. Subsequent light emissionrange of fluorophore§s]. To minimize interference from
can result directly from the excited compound returning to quenching or enhancing compounds and increase selectiv-
the ground state (direct CL) or via an energy transfer pro- ity, CL is often used for post-separation detectj6a8] or
cess to a suitable fluorophore (indirect dR). While lu- coupled with specific enzymatic reactio8§. Since the CL
minol or lucigenin based direct CL has found widespread reaction acts as an internal light source, instrumental re-
analytical applications, indirect peroxyoxalate CL (PO-CL) quirements are low. The minimal background signal also re-
based methods are surprisingly limited. This is in part due sults in very low detection limits. All these characteristics
make CL amenable for high sensitivity multi-analyte detec-
tion in microfluidic system$10,11] The small dimensions
* Corresponding author. Tel.: +44 207 5945820; fax: +44 207 5945833. typically encountered in microfluidic devices enhance dif-
E-mail addressa.demello@imperial.ac.uk (A.J. deMello). fusion based reagent mixing while the reaction rate and CL
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output can be conveniently controlled viathe applied flow rate 2. Experimental
[12].

In previous reports of CL detection within microfluidic 2.1. Microfluidic set-up
environments the CL signal was detected and quantified us-
ing externally mounted photomultiplier tubes (PMT&)12]. CL microfluidic devices were fabricated in-house from
However, recently, Jorgensen et al. have reported the usepoly(dimethylsiloxane) (PDMS). Using a Sylgard 184 Sili-
of integrated silicon photodiodes for monitoring CL reac- cone Elastomer kit (Dow Corning, Coventry, UK), monomer
tions within microfluidic system$13]. Although, the au- and hardener were mixed at a ratio of 10:1 (w/w), degassed
thors demonstrate an elegant and efficient fluidic system forfor 30 min and then poured into a flat molding dish. Af-
integrated CL detection, fabrication of the silicon photodi- ter curing at 95C for 1 h the 84Qum thick PDMS layer
odes involved a series of complex doping, deposition and was pealed off and attached to a chromium coated glass
patterning steps. An alternative approach is to use solution-plate (Nanofilm, Westlake Village, CA, USA). Structuring
processable semiconducting polymers or vacuum depositecof the PDMS was performed by cutting the channels with a
small molecule organic semiconductors, which offer sim- scalpel blade. The layout of the CL microdevices is shown
pler routes to device fabrication and tunable optical prop- schematically inFig. 1. The device comprises two inlets, a
erties. These characteristics have been extensively demonstraight mixing channel and an outlet. For quantitation ex-
strated for thin-film polymer light emitting diodes (pLEDs) periments a microfluidic layer with a third inlet was also
which are now entering the market place for simple dis- used. All inlets are 100@m wide, 840.m deep and 1cm
play application§14—-16] Interestingly such devices, which long. The main channel is 10@0n wide, 84Q.m deep and
comprise one or more layer of organic semiconducting ma- 8 cm long. Channels were sealed by placing a 3mm thick
terial sandwiched between two electrodes, not only emit PDMS slab in conformal contact with the structured PDMS
light under electrical excitation but can also generate a mea-layer. Fluidic access holes at the channel ends were punched
surable current under illuminatiofl7]. The photovoltaic with a blunt 394um ID, 711um OD syringe needle (BD,
effect in organic photodiodes is based on the formation Oxford, UK). Capillaries were inserted through the access
of electron—hole pairs (excitons) and subsequent dissocia-holes to serve as fluidic reservoirs (4o 1D, 367um OD,
tion and charge collection at the electrodes. While photo- Composite Metal Services, Hallow, UK). For flow genera-
induced charge generation is enhanced by large interfacegion a PHD 2000 syringe pump (Harvard Apparatus, Eden-
between electron donor and acceptor materials, good con-bridge, UK) with two 1 mL Bee Stinger gastight syringes
nectivity to the collection electrodes must also be ensured. (BAS, West Lafayette, IN, USA) was employed. The sy-
Photodiodes based on interpenetrating networks formed fromringes were connected to 1.6 mm ID high-pressure finger-
phase-segregated polymdfs8] have demonstrated quan- tights (VWR, Poole, UK) via 76am ID PEEK tubing (Su-
tum efficiencies >80% under zero bid®]. Comparable ef-  pelco, Bellefonte, PA, USA). The outlet of the fingertights
ficiencies, bandwidths and faster response times bf.s comprised 356m ID Teflon tubing (Anachem, Luton, UK)
can be obtained by using small molecule organic materi- which could be connected to the capillary reservoirs of the CL
als [20]. With alternating multilayers of copper phthalo- microdevices.
cyanine (CuPc) and 3,4,9,10-perylenetetracarboxylic bis-
benzimidazole (PTCBI), quantum efficiencies up to 80% 2.2. Organic photodiode fabrication
have been reported under reverse bjas]. As an al-
ternative acceptor material with longer exciton diffusion The fabrication of the CuPc-g heterojunction organic
length, the fullerene § has been successfully used in bi- photodiodes and the effect of composition and architecture
layer [22] and blend heterojunction devic§a3] for solar on device performance is described in detail elsew[#3k
cell applications, yielding high power conversion efficien- In short, the devices were fabricated on 1 mm thick indium-
cies. tin-oxide (ITO) coated glass substrates (CRL Opto, Hayes,

The work presented herein is aimed at extending the UK) after initial cleaning by ultrasonication with acetone and
application of organic photodiodes from solar cells to methanol for 20 min each. The organic layers were grown by
optical detectors in microfluidic systems. We report the vacuum deposition in a Spectros system with a base pressure
successful integration of CuPcegsmall molecule pho-  of about 8x 108 mbar (Kurt J. Lesker Company, Hastings,
todiodes with polydimethylsiloxane (PDMS) microfluidic UK). The organic materials used in the devices were 97%
devices for the monitoring of PO-CL reactions. For quan- grade CuPc (Sigma-Aldrich, Gillingham, UK), twice puri-
titation hydrogen peroxide was selected as a model com-fied by thermal gradient sublimation prior to deposition, and
pound because it is produced by a number of enzymes99.5% G (MER Corp., Tucson, AZ, USA), used as received.
when in contact with specific analytes and dissolved For the photodiodes employed in the flow optimization ex-
oxygen (e.g. alcohol, glucose, cholester¢d4]. Inte- periments 58 nm thick layers comprising 60% (w/w) CuPc
grated portable detection systems for hydrogen peroxideand 40% (w/w) o were deposited. The mixed layers were
could thus find widespread applications oint-of-care grown by co-deposition from independent organic evapora-
diagnostics. tion sources, with the deposition rates monitored by a series



880 O. Hofmann et al. / Sensors and Actuators B 106 (2005) 878-884

readout Al electrodes
bias

Cu phthalocyanine/C g blend
_/ heterojunction
! ! transparent electrode (ITO)

(a) microfluidic layers (PDMS)
reflective Cr substrate

(b)

detector

3

Fig. 1. (a) Side view of CuPc—g photodiode integrated with planar PDMS microchip. A chromium coated glass plate serves as a reflective backside substrate.
(b) Layout of PDMS microchip comprising two inlets (1, 2), mixing channel and outlet (3). Mixing channel i b00dde, 840.m deep and 8 cm long.
Positioning of the photodiode was above the mixing channel 52 mm downstream of the point-of-confluence of the two reagents. Only one of theitiree detect
strips was used for the current studies (active area 2n&mm).

of quartz-crystal microbalances. For the bi-layer devices em- intensity, 5 mM 4-dimethylaminopyridine (DMAP) was used
ployed for hydrogen peroxide quantitation, CuPc angd C as a catalyst (Lancaster Synthesis, Morecambe, UK). All so-
layers were deposited on top of each other at a thickness oflutions were prepared daily and stored &C4 Prior to in-

20 and 40 nm, respectively. This was followed by deposition troduction into the microfluidic device all solutions were
of a 12 nm thick layer of twice sublimed 98% bathocuproine degassed by ultrasonication for 1 min and filtered using
(BCP) (Sigma-Aldrich). One hundred nanometer thick Al 0.45um pore size PVDF syringe filters (Whatman, Clifton,
electrodes were then deposited in situ by evaporation throughNJ, USA).

a shadow mask yielding three detection strips with an active

area of 2mnx 8 mm each. Finally the devices were encap- 2.4. Microscale chemiluminescence

sulated in a nitrogen atmosphere using an epoxy resin and

glass coverslip. In the current studies, only the photocurrent  To facilitate filling of the microchip, ethanol was firstintro-
of one detection strip was recorded, with the active area beingduced through the inlets at $@./min and then replaced with
considerably larger than the 10@én wide channels in the  CL reagents. For flow optimization experiments reagents A
microfluidic structure. External quantum efficiencies (elec- and B were pumped through inlets 1 and 2, respectively. The
trons out/ photons in) were determined using a 20 W ASB-W- organic photodiode with the ITO side facing downwards was
020 tungsten—halogen lamp, a computer controlled CM110 placed on top of the PDMS microchip and positioned 52 mm
monochromator (both CVI Technical Optics, Onchan, UK) downstream of the point-of-confluence of the reagents, with
and a Keithley 6517A electrometer for measuring induced the detector strip arranged perpendicular to the microchannel.
photocurrents (Keithley Instruments, Reading, UK). System For hydrogen peroxide quantitation experiments with a mod-

calibration was performed against a silicon photodiode. ified microfluidic layer, reagent A, DMAP and analyte were
introduced through inlets 1, 2 and 3, respectively. To max-
2.3. Chemiluminescence materials imise sensitivity the bi-layer detector strip was positioned

along the microchannel. Recording of the CL signal started

For flow optimization experiments, PO-CL reagents With application of reagent flow to the inlets. Between ex-
were extracted from Cyalurffe hi-intensity white light- periments microfluidic channels were typically flushed with
sticks (American Cyanamid Company, Charlotte, VC, USA). €thanol at 5@ul/min for 5min. All experiments were per-
The active components are bis (2-carbopentyloxy-3,5,6- formed in the dark. The photocurrent was measured without
trichlorophenyl) oxalate (CPPO), 9,10-diphenylanthracene applied bias using a Keithley 6514 electrometer. Data were
dye (both reagent A) and hydrogen peroxide (reagent B) smoothed using a built-in moving average filter function (av-
[25]. For quantitation experiments, hydrogen peroxide solu- erage of 10 readings, 10 ms each). Data acquisition via the
tions were diluted in acetonitrile from a 31% (w/w) aque- RS232 port and a computer controlled LabVfeinterface

ous stock solution (all Sigma-Aldrich). To increase CL- Was performed at a sampling rate of 1 Hz.
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3. Results and discussion b ' T ' ' ' ' ' '
Prior to application of the integrated detectors to on-chip

monitoring of PO-CL reactions the optical properties of the 1o 7‘\ i b

CuPc—Go blend heterojunction photodiodf23] were char- sl ! 50 pLimin i

acterised. Typical dark currents without applied bias were g_\wouL{mm

~1nA. The measured external quantum efficiency over the Balgl

visible range is depicted iRig. 2 While the quantum effi-

ciency is above 5% over the whole visible range, maximum

values of~30% were recorded between 600 and 700 nm.

Importantly, this closely corresponds to emission spectra of P

commonly used fluorophores such as Rhodamine. R

625nm) and Cy5 Xnax 666 Nnm), allowing application in 0

many bioanalytical assays. While the quantum efficiency of

these devices is inferior to efficiencies afforded by conven-

tl(_)nal S!llC_Oﬂ base_d phOtO_dIOdeS’ CUP_C base_d_ ph(_)tOdIOdeSFig. 3. Optimization of PO-CL reaction on PDMS microchip by monitoring

with optimised device architecture canyield efficiencies upto with cupc-G photodiode. CPPO/diphenylanthracene and hydrogen per-

80%][21]. Furthermore the comparatively simple fabrication, oxide were applied to inlets 1 and 2, respectively. The applied flow rate of

small size and array compatibility render organic photodiodes both reagents was varied to optimise the mixing time and maximise the CL

particularly amenable as integrated detectors in microfluidic S'gnal intensity. For easier viewing the data was spline fitted.

systems.

The choice of substrate material for the microfluidic chip considered also. Oxidation was indeed observed during initial
was governed by a rapid prototyping capability and com- PO-CL experiments, resulting in slightly translucent PDMS
patibility with the organic solvents required for the PO-CL microchannels with improved wettability. This greatly facil-
reaction. While PDMS microchips are typically fabricated by itated filling of the PDMS microchannels.
molding method$26], masters for deep microchannels with For PO-CL experiments, reagents 1 and 2 were hydrody-
high optical path length can be difficult to fabricate. Conse- namically pumped through microchip inlets 1 and 2, respec-
quently we explored a simple approach for fabricating deep tively. Applied flow rates were optimised for yielding a large
PDMS microchannels by first casting a §4t thick PDMS and reproducible CL signal within the shortest possible time.
slab, followed by cutting of a 1000m wide channel structure ~ For all applied flow rates between 5 and 200min two
with a scalpel blade. Total fabrication times were of the order co-flowing streams were observed. This is consistent with
of 2 h per microchip (including device design, PDMS curing calculatedRe numbers between 0.2 and 8, indicative of a
and channel structuring). Compatibility of PDMS with the or- laminar flow regime where mixing occurs by diffusion only
ganic solvents required for PO-CL was confirmed by a recent (Re<2000). The time dependence of the CL signal varied sig-
study showing that dimethylformamide (DMF) and acetoni- nificantly with applied flow rate, as shownhiig. 3. Since the
trile only cause negligible swellin@®7]. However, potential ~ signal is produced by the CL reaction of reagents 1 and 2, the
chemical oxidation of PDMS by hydrogen peroxide has to be crucial parameter to optimise is the microchannel mixing. For
applied flow rates of 5 and 30L/min, average linear veloci-
ties of 0.2 and 0.4 mm/s and residence times of 260 and 130 s
are calculated, respectively. For the oxidising reagent, hy-
drogen peroxide, this equates to effective diffusion distances
of 800 and 40@wm, respectively (based on a diffusion co-
efficient 1.2x 10-° m? s~1). Considering the channel width
of 1000pnm and two co-flowing streams this allows for near
complete intermixing of the reagents prior to reaching the
detector. At low flow rates a gradual increase of CL signal
followed by plateau formation is thus observed.

However, for flow rates of 2pL/min and higher the CL
signal increases initially, but then decreases before plateau-
ing out. We attribute this overshoot to the velocity profile
induced by pressure driven flow. For an applied flow rate of
25uL/min, average residence times for hydrogen peroxide
molecules in the channel centre and at 10% channel width
can be calculated as 26 and 73 s, respectively. This results in
Fig. 2. External quantum efficiency over visible range for CuRg-tbo- limited CL reaction and.lower signalintensitiesinthe channe!
todiodes. centre and near the point-of-confluence. When the parabolic
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Fig. 4. Effect of applied flow rate on time required for plateau formation
and on plateau CL signal intensity. Conditions asHiy. 3.
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Fig. 6. Quantitation results for model compound hydrogen peroxide. The
applied flow rate was 2gL/min for all reagents. Baseline photocurrent
(~0.3nA) was subtracted from the measured plateau values. Note that bi-

flow front passes the detector a steep signal increase followedayer CuPc-go photodiodes were employed.
by a decrease and plateau formation can be observed. For

higher flow rates the resulting plateau signal decreases dueare highly reproducible with appreciable variations occurring

to progressively incomplete mixing. An overview of the ef-
fect of flow rate on the time required for plateau formation
and CL signal intensity is shown Fig. 4. It can be seen that
optimum results are obtained at a flow rate ofu23min,
yielding a CL signal of 8.8 nA within 11 min. While shorter
analysis times are afforded by higher flow rates the CL signal
is also reduced, resulting in lower sensitivity when applied to
quantitative analysis.

For the optimised 2pL/min flow conditions, repro-
ducibility of the CL signal was determined by repeating ex-
periments three times on the same microchip using identi-

only in the overshooting phase. For the steady-state signal
after~11min, R.S.D. values are below 1.5%=3). This re-
producibility is clearly sufficient for quantitative analysis and
demonstrates the potential of both microchip based PO-CL
and integrated detection with CuPgsg@hotodiodes.

As a model compound hydrogen peroxide was quantified
using this approach. The CL photoresponse as a function of
hydrogen peroxide concentration is plottedHig. 6. A lin-
ear relationship between photoresponse and hydrogen perox-
ide concentration is obtained betweett mM and 1 M. For
higher concentrations a deviation from linearity is observed,

cal reagent solutions. The corresponding CL signal versuspresumably due to the limited excess of CPPO reagent. Cur-

time plots are depicted iRig. 5. It can be seen that the plots

-10 T T y T T T

photocurrent [nA]

0 " | ; 1 ; 1 i 1
8 12 16

time [min]

20

Fig. 5. Reproducibility of CuPc— photodiode response for monitoring of
PO-CL reaction on PDMS microchip. The applied flow rate wap.28nin

for both reagents. Experiments were performed on the same day with iden-
tical solutions. Between runs the microchip was flushed with ethanol at
50L/min for 20 min. Note that a different batch of CuPge@hotodiodes

was used compared fag. 3.

rently the detection limit is estimated slightly below 1 mM
which is adequate for the monitoring of fermentation pro-
cesses. While this preliminary detection limit is inferior to
~5 M reported for CL detection in microchannels using an
integrated silicon photodiodg 3], a significant sensitivity
enhancement is expected through optimization of the organic
photodiode composition and architecture.

4. Conclusions and outlook

Novel CuPc—@p photodiodes were characterised and ap-
plied as integrated detectors for the monitoring of PO-CL
reactions within microfluidic devices. The employed or-
ganic photodiodes exhibit good responsivity in the visible
range with quantum efficiencies up to 30% between 600 and
700 nm. Even higher efficiencies can be achieved with state of
the art organic devices. Within a PDMS microchip, mixing of
the PO-CL reagents was optimised via changes in the applied
flow rates. Optimum results were obtained for@3min
yielding CL signals of 8.8 nA within 11 min. Reproducibil-
ity of the measured photocurrent was excellent with typical
R.S.D. values below 1.5% € 3). Quantitation of the model
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compound hydrogen peroxide yielded a preliminary detec-
tion limit of ~1 mM and a linear response over at least three

decades, which is adequate for the monitoring of fermenta-

tion processes.

While the presented results clearly demonstrate the effec-

tiveness of microscale PO-CL and of integrated CuRg—C
photodiode detection, research into PO-CL compatible fluo-
rescent labels is ongoing to widen the field of potential ap-
plications. Combining multiple fluorescent labels with in-

tegrated organic photodiode arrays offers a direct route to-

wards real-time, multi-analyte detection within microfluidic
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