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Abstract: The rapid development of microfluidics and lab-on-a-chip (LoC) technologies 

have allowed for the efficient separation and manipulation of various biomaterials, 

including many diagnostically relevant species. Organic electronics have similarly enjoyed 

a great deal of research, resulting in tiny, highly efficient, wavelength-selective organic 

light-emitting diodes (OLEDs) and organic photodetectors (OPDs). We consider the blend 

of these technologies for rapid detection and diagnosis of biological species. In the ideal 

system, optically active or fluorescently labelled biological species can be probed via light 

emission from OLEDs, and their subsequent light emission can be detected with OPDs. 

The relatively low cost and simple fabrication of the organic electronic devices suggests 

the possibility of disposable test arrays. Further, with full integration, the finalized system 

can be miniaturized and made simple to use. In this review, we consider the design 

constraints of OLEDs and OPDs required to achieve fully organic electronic optical  

bio-detection systems. Current approaches to integrated LoC optical sensing are first 

discussed. Fully realized OLED- and OPD-specific photoluminescence detection systems 

from literature are then examined, with a specific focus on their ultimate limits of 

detection. The review highlights the enormous potential in OLEDs and OPDs for 

integrated optical sensing, and notes the key avenues of research for cheap and powerful 

LoC bio-detection systems. 
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List of Abbreviations 

Abbreviation Full Name 

abs absorbance 

Alq3 tris(quinolinolate) Al  

a-NPD N,N'-di(alpha-naphthyl)-N,N'-diphenyl-1,1'-biphenyl-4,4'-diamine  

APD avalanche photodiode 

APnEOs alkylphenol polyethoxylates 

BCP bathocuproine  

BHJ bulk heterojunction 

Bphen 4,7-diphenyl-1,10-pheranthoroline  

C545T coumarin 545T 

C60 fullerene 

CBP 4,4'-Di(N-carbazolyl)biphenyl  

CC-125 chlamydomonas reinhardtii 

CCD charge-coupled device 

CL(q) chemiluminescence (quenching) 

CPPO bis (2-carbopentyloxy-3,5,6-trichlorophenyl) oxalate 

CuPc copper phthalocyanine  

DBR distributed Bragg reflector 

DCM 4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyril)-4H-pyrane 

DCMU 3(3,4-dichlorophenyl)-1,1-dimethylurea, Diuron 

DMAP 4-dimethylaminopyridine 

DPVBi 4,4'-bis(2,2'-diphenylvinyl)-1,1'-biphenyl  

EL electroluminescence 

EP electrophoretic 

EQE external quantum efficiency 

HPTS 8-hydroxypyrene-1,3,6-trisulfonic acid 

IEF isoelectric focusing 

Ir(ppy)3 tris(2-phenylpyridine)iridium  

IV current-voltage (measurements) 

LIF laser-induced fluorescence 

LoC lab-on-a-chip 

LoD limit of detection 

MEH-PPV poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene] 

mIgG mouse immunoglobulin G 

mKP m-Cresol purple 

NHDF normal human dermal fibroblasts 

NPB/NPD 4,4'-bis[N-(1-naphthyl)-N-phenylamino]biphenyl  

OLED organic light emitting diode 

OPD organic photodetector 

OSC organic solar cell 
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List of Abbreviations (Cont.) 

Abbreviation Full Name 

PBD 2-(4-biphenyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazole  

PC70BM 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C71  

PCBM 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61  

PCDTBT poly [N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)]  

PDMS polydimethylsiloxane 

PDY-132 Super Yellow 

PEDOT:PSS poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)  

PF polyfluorene 

PL(q) photoluminescence (quenching) 

PMT photomultiplier tube 

PMMA poly(methyl methacrylate) 

PP polypropylene 

PPV poly(p-phenylene vinylene) 

PTCBI 3,4,9,10-perylenetetracarboxylic bis-benzimidazole  

PtOEP Pt octaethylporphyrin 

PtTFPP (II) meso-tetra(pentafluorophenyl)porphine 

PVK poly(9-vinylcarbazole) 

Rh6G rhodamine 6G 

RhB rhodamine B 

rhTSH recombinant human thyroid stimulating hormone 

RIU refractive index unit 

Ru(dpp) tris(4,7-diphenyl-1,10-phenanthroline) Ru chloride 

SEB staphylococcal enterotoxin B 

SNR signal to noise ratio 

SPR surface plasmon resonance 

TAC total antioxidant capacity 

TAMRA tetramethylrhodamine 

TOA+OH- tetraoctylammonium hydroxide 

µTPD N,N'-diphenyl-N,N'-di(m-tolyl)-benzidine 

µc-OLED microcavity OLED 

1. Introduction 

Substantial research efforts have been dedicated to the development of lab-on-a-chip (LoC) 

technologies, which have matured in parallel with the many advances in the field of microfluidics. LoC 

offers a miniaturized platform for sample processing and can be used to perform numerous life 

sciences analyses. The labour intensive steps associated with common detection and biomaterial 

processing schemes (for example, detection and isolation of specific DNA strands, antibodies or 

pathogens) can be feasibly simplified to a one-step sample injection into a microfluidic well. The 

appeal of LoC is thus a combination of the following: a reduction in user error, a decrease in 

materials/sample usage, fast and low cost analysis, and potential automation of routine techniques.  

While there have been numerous breakthroughs in the microfluidics of LoC bio-detection  

systems [1–3], much of the detection methodologies still rely on external lab-scale systems. However, 
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there is a strong desire for completely portable LoC systems for point-of-care applications. Given its 

high degree of sensitivity, many groups have sought to integrate fluorescence/photoluminescence (PL) 

detection techniques into LoC. In the current review, we examine LoC PL-based detection schemes 

that use organic light emitting diodes (OLEDs) as an excitation source and/or organic photodiodes 

(OPDs) as a means of detection.  

Since OLEDs and OPDs are comprised of thin films deposited by low temperature techniques, they 

can be easily integrated with most polymer/plastic microfluidic systems (for example, by depositing on 

the backside of a polydimethylsiloxane (PDMS) microfluidic channel). The capability to fabricate 

miniaturized OLED pixels is also ideal for LoC, where the microchannel size can be on the order of an 

individual pixel size [4,5]. Further, the emission and absorption peaks of OLEDs and OPDs 

respectively are easily tunable—dependent on the choice of small molecule or polymer—so these 

organic electronic devices are excellent candidates for more advanced detection systems, such as 

multiplexed immunoassays using multiple PL peaks. This review is organized as follows: the common 

OLED and OPD device structures, as well as their principles of operation, are discussed in Section 2. 

Notable developments in optical excitation and detection methods for non-OLED/OPD LoC 

technologies are detailed in Section 3, highlighting the potential advantages of OLED and OPD 

integration. Integrated systems employing OLEDs and/or OPDs in LoC technologies will then be 

addressed in Section 4. 

2. Operation Principles of Organic Light Emitting Diodes and Organic Photodetectors 

Organic electronic devices employ highly conjugated organic species that are divided into two 

material subsets: small molecules and polymers. In terms of their implementation, small molecule 

species are historically insoluble and are thus commonly vacuum-deposited by thermal evaporation 

techniques. In contrast, polymer materials are more easily synthesized to be soluble in common 

organic solvents. As an addendum to this point, while they are difficult to synthesize, soluble small 

molecules are feasible and have recently become the subject of intense research [6–8]. Some of  

the earliest and most studied OLED materials include tris(quinolinolate) Al (Alq3) and  

4,4'-bis[N-(1-naphthyl)-N-phenylamino]biphenyl (NPB/NPD) for small molecule devices [9,10], and 

poly(p-phenylene vinylene) (PPV) derivatives for polymer devices [11]. As a point of note, Alq3 films 

electroluminesce with a peak wavelength of 530 nm, whereas poly[2-methoxy-5-(2'-ethylhexyloxy)-p-

phenylene vinylene] (MEH-PPV), a common PPV derivative, emits at 600 nm with a shoulder 

emission at 640 nm. As an excitation source for LoC applications, the OLED’s peak emission must be 

chosen appropriately to excite the known fluorophore without substantially overlapping the detector’s 

absorption spectrum. From a fabrication standpoint, this is simple to envision, as there now exist 

OLED materials with peak emission over the entire visible spectrum—in fact, Alq3 on its own can be 

tailored to emit over most of the visible spectrum [12]. To this end, the position of each organic 

material’s absorption and emission peak is fundamentally related to its chemical structure (especially 

its degree of conjugation), which can be altered during its synthesis. 

Early and common OPD materials include copper phthalocyanine (CuPc), 3,4,9,10-

perylenetetracarboxylic bis-benzimidazole (PTCBI) and fullerene (C60) for small molecule OPDs [11], 

and MEH-PPV and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61 (PCBM) for polymer OPDs [13]. 
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In OPDs, the hole transport layer and electron transport layer are commonly referred to as the donor 

and acceptor respectively, in light of their typical roles in the device (where the donor ‘donates’ a free 

electron to the acceptor). The donor and acceptor are commonly mixed together to form a bulk 

heterojunction (BHJ). In principle, simple OPDs have the same structure as organic solar cells  

(OSCs)—the difference lies in their mode of operation, where OPDs can be negatively biased to 

enhance free carrier transport. It is therefore logical that many polymer-based OPDs now make use of 

the ubiquitous poly3-hexylthiophene (P3HT):PCBM BHJ, which is famous for its use in OSCs [14]. 

Since OPDs are largely adapted from OSC technologies, they absorb strongly over most of the visible 

spectrum—for example, P3HT:PCBM OPDs generate substantial photocurrent between 350 nm and 

650 nm. For LoC applications, the peak absorption of the OPD should correspond well with the 

fluorophore’s emission spectrum, but it should ideally not overlap with the emission from the 

excitation source. 

Illustrations of the general device structures and energy level diagrams of an OLED, a simple 

bilayer OPD and a mixed layer/BHJ OPD are provided in Figure 1A–C respectively. Each device 

comprises an electron transport layer (ETL, or an acceptor in the OPD) and a hole transport layer 

(HTL, or a donor in the OPD), and the OLED may have an additional emissive layer (EML). Note that 

the energy levels of the metal and ITO layers are their work functions, whereas the energy levels of the 

organic layers are their highest occupied molecular orbitals (HOMOs) and lowest occupied molecular 

orbitals (LUMOs). In an even simpler incarnation of the OLED device—the bilayer OLED—either the 

hole transport layer or the electron transport layer may serve a dual role as the emissive layer. A simple 

example of this is the ITO/NPB/Alq3/MgAg bilayer OLED. Devices may also make use of additional 

hole injection/extraction layers (HILs, HELs) and electron injection/extraction layers (EILs, EELs). 

These are not illustrated in the energy level diagrams, but they are typically few-nm layers (e.g., 5 nm 

MoO3, 1 nm LiF) used to adjust the electrode work functions and/or to provide enhanced device 

stability [15–17]. 

Figure 1. Illustration of the common device structures and associated energy level 

diagrams for a(n) (A) organic light emitting diode (B) bilayer organic photodetector 

(C) bulk heterojunction organic photodetector. 
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As illustrated in Figure 1A, OLED devices operate as follows: 

- A negative bias is applied to the cathode / a positive bias is applied to the anode 

- A hole is injected (either by thermionic or field emission) into the HTL and an electron is 

similarly injected into the ETL 

- The electron and hole meet in the EML, form an exciton (denoted as *|), and recombine to emit 

a photon with energy hν proportional to the energy gap of the emissive layer. 

OPDs operate in approximately the reverse manner, as illustrated in Figure 1B,C, where a photon 

generates an exciton that is dissociated at a donor-acceptor interface. The specific operation of the 

OPD is as follows: 

- A negative bias is applied to the anode / a positive bias is applied to the cathode  

- A photon is absorbed by either the donor or acceptor material (in Figure 1, the photon is 

absorbed by the donor material) to generate an exciton (denoted as *|) 

o the exciton traverses to the donor/acceptor interface to dissociate into its constituent 

electron and hole 

- The electrons and holes travel along the ETL and HTL to be collected at the cathode and anode 

respectively. 

One of the main limitations to OPD efficiency in the simple bilayer device is the diffusion of the 

exciton from its point of excitation to the donor/acceptor interface (i.e., before the exciton undergoes 

recombination). The BHJ architecture serves to minimize exciton diffusion length with an 

interpenetrating network of donor and acceptor, granting a large number of donor/acceptor interfaces 

throughout the entire device structure. Unfortunately, this architecture also serves to substantially 

increase the OPD leakage current since holes can be injected directly from the cathode to the donor 

HOMO and electrons can be injected directly from the anode to the acceptor LUMO. This effect, 

however, is avoidable by using a BHJ bordered by neat donor and acceptor layers, referred to as the 

planar-mixed molecular heterojunction (PM-HJ) [18]. Alternatively, this effect can be minimized 

through use of carrier-selective extraction layers [19]. 

The majority of organic electronics research to date has focused on optimization of device 

performance. For OLEDs, this implies high brightness values through high external quantum 

efficiencies, with a focus on phosphorescent OLEDs that can show substantial efficiency 

improvements compared to their fluorescent counter-parts due to electron/hole spin statistics [20]. For 

OPDs, this implies high ‘on-off’ ratios and, similarly, high external quantum efficiencies, which has 

been largely addressed with the design of intelligent device architectures [11]. For LoC applications, 

other critical and less researched device optimizations must also be addressed, such as reducing the full 

width at half maximum (FWHM) of the OLED emission, and identifying new materials systems for 

OPDs with narrow regions of absorption. Both efforts should serve to reduce the system dark noise by 

decreasing light leakage from the excitation source to the detector, ultimately allowing for better 

detection limits. A final consideration for the use of OLED or OPD detection systems in commercial 

LoC applications relates to the stabilities of the organic optical elements. However, with proven 

manufacturability of both OLEDs and OSCs from companies such as Samsung and Heliatek, as well as 
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a demonstrated potential for extremely long device lifetimes [21,22], it is clear that both OLEDs and 

OPDs have promise for use in point-of-care LoC systems. 

3. Early Integration of Optical Excitation and Detection into Lab-on-a-Chip 

The vast majority of LoC research to date has been dedicated to finer manipulation of relevant 

biological species through smart microfluidics. Comprehensive reviews on this particular topic have 

been presented elsewhere [1–3,23–26]. The culmination of this work is a portfolio of tried and proven 

microfluidic channels, with a strong understanding of their fabrication methodologies. These channels 

are generally integrated with larger lab-scale excitation/detection systems. With a greater competency 

in the control of various biological species, many researchers have now shifted their focus toward 

integration of these channels with optical manipulation and detection techniques [27–30]. Consider a 

lab-scale laser-induced fluorescence (LIF) detection setup as it may be incorporated with a 

microfluidic system, illustrated in Figure 2, and for which numerous research articles have been 

published [31–34]. In the setup illustrated in Figure 2, the biological species of interest first flow 

through a microfluidic channel to the relevant point of detection. These species are excited by a blue 

laser that is focused onto the channel using mirrors and objective lenses. As the excited species relax 

they emit green light, which is captured by a collection lens, collimated, filtered and routed to a 

photomultiplier tube (PMT). Some enhancements to this system have been proposed, such as the 

inclusion of microlenses or wavelength-selective optical waveguides for fine control of the excitation 

or emitted light [35,36]. While these enhancements allow one to probe multiple channels simultaneously, 

they also greatly complicate device fabrication. 

Figure 2. Example laser-induced fluorescence setup when integrated with a microfluidic 

system for detection of biological species labelled with a fluorescent dye. Figure re-used 

from Ref. [32] with permission, copyright 2006 American Chemical Society. 
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The inherent difficulty with these systems is immediately apparent: each system requires 

complicated and costly optics for excitation and subsequent photoluminescence detection. Beyond the 

large size of such a set-up, these systems are extremely sensitive to variations in the positioning of the 

optical components. Fu et al. studied the optimal laser-detector orientation, finding that a 45° light 

collection angle to the direction of flow (and 90° to the excitation source, as illustrated in Figure 2) 

offered the best signal to noise ratio (SNR) [32]. While these systems provide impressive results, it is 

much more desirable to implement the miniaturized LoC technologies with, similarly, miniaturized test 

platforms. It is worth noting that the adjacent field of optofluidics, which marries optical probing 

techniques and associated optical phenomena with microfluidics, provides some hints as to how these 

test platforms may be constructed [37,38]. For example, Gersborg-Hansen and Kristensen developed 

distributed feedback (DFB) lasers based on third-order Bragg gratings, which also acted as 

microfluidic channels for their chosen laser dyes [39]. Such a system thus incorporates many of the 

core aspects of an OLED-/OPD-based LoC system, such as photon generation from organic species 

and subsequent photon waveguiding. 

As a means to better appreciate the advantages of OLED- and OPD-based excitation/detection 

systems, it is useful to examine current integration schemes that do not employ OLEDs or OPDs. One 

of the most notable approaches makes use of optical fibres to either route the excitation light to  

the analyte, or to extract the emitted light from the fluorophore. For example, Chabinyc et al.  

developed a miniaturized test platform where excitation light is fed through optical fibre to PDMS  

microchannels [40]. Their approach is further unique as it makes use of a micro-avalanche photodiode 

(μAPD), which is encapsulated in PDMS and placed directly underneath microfluidic channels. Since 

the μAPD is in such close proximity to the fluorophore, lenses and concentrators are not required. 

Using this approach, Chabinyc et al. were able to detect a minimum concentration of 25 nM 

fluorescein, and they were able to separate and detect proteins by capillary zone electrophoresis. The 

main limitation to this approach is the complexity in device fabrication, especially in consideration of 

the fragile μAPDs and of the difficulty in optical fibre alignment. OLEDs and OPDs may offer a 

solution to this problem as they can be deposited adjacent to the microchannel and thus do not require 

any direct physical alignment or manipulation. 

Irawan and coworkers also pursued a fibre-coupling scheme to microfluidic devices with some 

success [33,41,42]. In their preliminary work, the authors made use of a poly(methyl methacrylate) 

(PMMA) optical fibre and lamination methods to couple blue LED excitation light to their 

microchannels [41]. Combined with a charge-coupled device (CCD) detector (including relevant 

filters, lenses and pinhole masks), the researchers managed to detect fluorescein at concentrations of 

~3 nM. Irawan et al. later improved upon this work, implementing groove-cut PMMA optical fibres to 

allow for emission from several points along the fibre [33]. As shown in Figure 3, this allows for 

integration of the fibre into a multi-channel microfluidic device. This research resulted in detection of 

30 pM of fluorescein.  
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Figure 3. (A) Illustration of the groove-cut optic fibre excitation methodology for PL 

detection in lab-on-a-chip applications. (B) SEM micrograph of the groove-cut optic fibre. 

Figures re-used from Ref.’s [33] and [42] with permission, copyright 2007/2009 Springer. 

 

Numerous other approaches to couple light into and out of microfluidic channels have been tested. 

For example, in order to bypass the difficulty of integrating optical fibres into LoC microfluidics, Seo 

and Lee instead used 2D-patterned microlenses to couple blue LED excitation light into their 

microchannels [43]. This follows the work of Roulet and coworkers noted earlier [35], but with a much 

simpler implementation and without the need for a laser excitation source. Mazurczyk et al. fabricated 

channel optical waveguides with the use of an ion exchange technique in soda lime glass substrates to 

achieve efficient coupling of light into their microchannels [44]. Instead of coupling light to the 

microfluidic channels directly, Novak and coworkers aimed to miniaturize the testing platform, 

effectively achieving a fluorescein detection limit of ~2 nM [45]; however, this approach still requires 

costly filters and lenses. Ryu et al. followed a similar approach, but removed the lenses and used 

(relatively cheap) dye coated colour filters and linear/reflective polarizers to improve SNR [46], 

ultimately granting a fluorescein detection limit of ~3 nM. The use of polarizers in LoC systems is a 

relatively cheap and effective method to remove excitation light before it reaches the detector. This 

method relies on the placement of orthogonally oriented linear polarizers at both the excitation source 

and the detector. To this end, linearly polarized light from the excitation source interacts with the 

fluorescent analyte, resulting in the emission of non-polarized light. While the non-polarized light can 

pass the second polarizer to reach the detector, the excitation light is blocked due to its  

orthogonal polarization. 

The common theme in all attempts to integrate PL sensing with LoC is the difficulty associated 

with in-coupling the excitation light and out-coupling the emitted light. In order to achieve a high SNR 

and a high limit of detection, the intensity of light impingent on the fluorophores must be high. This 

allows for measurable signals even from highly dilute species. Furthermore, a significant portion of 

light emitted from the fluorophore must subsequently reach the detector. While the LoC systems 

studied in this section offer creative and effective methods for light incoupling and outcoupling, these 

methods largely rely on complicated and, ultimately, costly extra microchannel fabrication steps. For 

manufacturability, system compatibility and overall simplicity in LoC bio-detection systems, it 

behooves us to examine easily implementable and more modular designs. In this manner the 

microfluidics can be fabricated first and then subsequently married to the optimized optical excitation 

and detection schemes. OLEDs and OPDs may prove to satisfy this requirement, as they can be 



Electronics 2014, 3 52 

 

 

deposited directly on already-fabricated microchannels, or they may easily be fabricated on separate 

substrates that can be bonded to PDMS microchannels. 

4. Integrated Organic Light Emitting Diode and Organic Photodetector Lab-on-a-Chip Systems 

The appeal of OLEDs and OPDs for LoC stems from their potential ease of integration. As briefly 

discussed in Section 2, the most costly aspects of a PL detection system are generally associated with 

the optics required to have strong excitation output powers and high collection efficiencies. By placing 

the excitation source and the detector adjacent to the microchannels of interest, one may potentially 

eliminate the need for lenses, for detectors with internal gain (APDs or PMTs) and for strict alignment. 

This shifts this technology’s realm of applicability from the lab-scale environment to a miniaturized, 

modular, point-of-care sensing platform. 

OLEDs and OPDs, however, are not unique in their ease of linking to adjacent pre-fabricated 

microchannels. For example, there has been some success making use of hydrogenated amorphous 

silicon (a-Si:H) photodetectors toward the same goal [47,48]. In this regard, both a-Si:H and organics 

can be deposited in low temperature environments and can be deposited on top of common 

microfluidic materials (for example, PDMS). As such, OLEDs, OPDs and a-Si:H PDs can all can be 

optimized separately and joined to the microfluidics in a modular fashion. Further, all technologies can 

be miniaturized into individual pixels for sensor array applications. However, OPDs have an added 

benefit over a-Si:H PDs, as their absorption spectra can be tuned by the use of different organic 

materials. Combined with the tunable OLED emission spectra, OLED-OPD-LoC systems could feasibly 

be used to sense multiple PL peaks from different biological species within the same microchannel.  

A critical limitation toward integrated PL sensing in any LoC system is the requirement for low 

noise and thus high SNR. For an OLED-OPD-LoC system, given the proximity of the OLED to the 

OPD, detection of the OLED excitation light by the OPD can be a significant contribution to noise. 

There exist several nascent techniques that may be used to minimize or even eliminate this problem. 

One may: 

- use micro-cavity effects (with a semi-reflective anode instead of the transparent anode shown 

in Figure 1) or distributed Bragg reflectors (DBRs) to substantially narrow the FWHM of the 

OLED emission peak and remove tail-end emission 

o See, for example, [49,50] for micro-cavities based on metal mirror electrodes and [51] 

for micro-cavities based on dielectric quarter-wave stack (QWS) mirrors. 

- operate the OLED in pulsed mode and exploit differences in electroluminescence (EL) 

response/decay time versus the fluorophore PL response/decay time  

o If the OLED and the fluorophore are selected appropriately, it may be feasible to offset 

the OLED’s emission and the OPD’s detection.  

o In some cases, high current pulse operation has allowed for very high brightness values 

in OLEDs, which may further enhance PL [52]. 

- use clever design techniques to minimize the excitation light coupled into the OPD 

o For example, see Figure 4, which is a suggested back-detection device and is discussed 

further below. Shinar and coworkers used a much simpler implementation of a  
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back-detection device (with a PMT detector and with no efforts to block or shield 

excitation light) to some success for their oxygen sensors [53–57].  

- incorporate thin film absorbers or polarizers (e.g., following work by Ryu  et al. [46]) 

o While these techniques are the simplest, they also serve to substantially decrease the 

intensity of the PL signal. They may therefore not be suitable to adequately reduce 

noise and to provide competitive SNR values that can compete with present lab-scale 

LIF systems. 

o To minimize the number of components required in the LoC system, it may be feasible 

to employ excitation sources that emit polarized light without the use of linear 

polarizers. Such excitation sources have recently been demonstrated with polymer 

emitting nanofibres, showing the potential for electrical excitation (when incorporated 

in polymer OLED-like devices) [58], as well as demonstrating reasonable integration 

into microfluidic systems [59]. 

Figure 4. Illustration of the structural layout of a potential back-detection OLED-OPD  

lab-on-a-chip system. 
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For the back-detection geometry shown in Figure 4, the OLED and OPD are fabricated on the same 

substrate, which can greatly simplify the fabrication process, and they are separated by opaque spacers. 

The OLEDs emit green light that interacts with the fluorophore to emit red light as detected by the 

OPD. By making use of a strongly absorbing backing and black cathodes (see, for example, [60,61]) 

one may minimize the amount of stray OLED light that reaches the OPD—essentially limiting it to 

partial reflections and waveguided light. 

4.1. Organic Light Emitting Diode-Integrated Lab-on-a-Chip Systems 

A summary of the LoC systems employing an OLED excitation source are provided in Table 1 

(note: instead of an OLED, ref. [62] uses an organic semiconductor laser). The results have been 

grouped together by their specific application, which coincides with specific research groups/principal 

investigators. The intended applications of the various LoC systems in Table 1, and thus the analytes 

of interest, vary among the different research groups. As such, cross-comparisons on the efficacy of 

each system are difficult, and so both the analyte and the sensor’s dynamic range are listed. For the 

cases where a dynamic range is not explicitly listed, values have been ascertained from figures within 

the publications. For entries with multiple publications, the best dynamic range from the group of 

publications is listed.  
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Table 1. Summary of lab-on-a-chip systems with OLED excitation sources. 

Application 
Micro-

Fluidic 
OLED Details Detector Analyte 

Dynamic 

Range 
Ref. 

Dye conc PL 
PDMS 

channel 

ITO/α-NPD/Alq3/LiF/Al 

CCD w/ fibre RhB 5–100 μM [63,64] ITO/α-NPD/ 

Alq3:C6/Alq3/LiF/Al 

Multi-analyte 

conc 
PLq 

film 

(non-

MF), PP 

channel 

ITO/CuPc/a-NPD/ 

DPVBi/Alq3/CsF/Al 

PMT, Si PD + 

pre-amp 

glucose, 

lactate, 

ethanol 

0.02–0.3  

mM 

[53–

57,65] 
ITO/CuPc/a-NPD/ 

Alq3/CsF/Al 
O2 0–100% 

ITO/CuPc/NPD/Alq3:C545

T/Alq3/LiF/Al 
dissolved O2 2–40 ppm 

EP sep’n, 

immune assay 
PL 

etched 

glass, 

PDMS 

channel 

ITO/PEDOT:PSS/ 

(PF or PPV emitter) 

/LiF/Al 

PMT,  

Si APD w/ filter, 

lens, fibre 

fluorescein 
1 μM– 

10 mM 
[66,67] 

HSA 
10–100  

mg/L 

Dye conc, IEF PL 
PDMS 

channel 

ITO/NPB/Alq3/ 

Mg:Ag/Ag 
PMT,  

CCD w/ filter, 

lens 

rhodamine 

6G, Alexa 

Fluor 532 

50–700  

μM 
[68–70] 

commercial AM-OLED 

array 

R-phyco-

erythrin 

38 ng/mL 

–50 μg/mL 

Dye conc, 

immune assay 
PL 

etched 

glass, 

PDMS 

channel 

ITO/CuPc/α- 

NPD/Alq3/LiF/Al 

p-i-n,  

p+n PD 

TAMRA 10–100 μM 

[71,72] 
Rh6G 1–100 μM 

Analyte conc IV droplet ITO/TPD/Alq3/Al N/A 
ethanol, 

methanol 

10–1E3  

ppm 
[73] 

Dye conc PL 
PDMS 

channel 

AZO/PEDOT:PSS/ 

PDY-132/Alq3/Ag 
spectro-meter 

sulforho-

damine 101 
N/A [74] 

Dye conc, 

immuno assay 
PL 

PDMS 

channel 

ITO/TPD/ 

CBP:Ir(ppy)3/Bphen/ 

Alq3/Mg:Ag/Ag 

linear CCD w/ 

filter 

resorufin 
7.8 μM– 

80 μM 
[75] 

IgA 
17–100 

ng/mL 

Dye conc PL 
PMMA 

channel 

Alq3:DCM on DFB 

gratings, pumped w/ UV 

laser 

spectro-meter w/ 

filter, lens 

fluoro-

spheres, 

Alexa 647 

N/A [62] 

Dye conc, 

immuno assay 
PL droplet 

ITO/PEDOT:PSS/ 

α-NPB/PBD/LiF/Al 
CCD w/ filter 

Alexa 430 
156–1E4 

pg 
[76] 

hTG2 

antigen 

200–5E3 

pg 

Hofmann and coworkers studied a spincoated PPV-based polymer OLED (500 to 700 nm emission) 

as an excitation source [67]. The light from the OLED was focused onto a patterned PDMS 

microchannel using a biconvex lens, allowing for PL detection of labelled urinary human serum 

albumin (HSA) by a CCD spectrometer. Their efforts allowed for HSA detection from 10 to 100 mg/L. 
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Scholer et al. also investigated the use of a polymer OLED as an excitation source for LoC, but they 

instead used Super Yellow (PDY-132) as their polymer emitter. Combined with a spectrometer 

detector, they were able to successfully test for the presence of sulforhodamine 101 [74]. Instead of 

using polymer OLEDs, Camou et al. examined a ~530-nm emitting small molecule OLED excitation 

source deposited on a glass substrate and bonded back-to-back to a PDMS microchannel for detection 

of Rhodamine B [63,64]. This simpler approach removed the need for a focusing lens. Their OLED 

had the structure ITO/N,N'-di(alpha-naphthyl)-N,N'-diphenyl-1,1'-biphenyl-4,4'-diamine (α-NPD) 

(HTL)/Alq3 (ETL & EML)/LiF (EIL)/Al. The researchers also used an optical fibre to route their 

fluorescent dye’s emitted light to a CCD detector. The fibre was slid into a channel formed in the 

PDMS directly adjacent to the microchannel. Camou and coworkers were able to detect 10 μM 

solutions of Rhodamine B visually, and 50 μM solutions by the CCD detector.  

Marcello and coworkers employed a similar OLED structure, but replaced the Alq3 ETL with  

2-(4-biphenyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazole (PBD), which allows for blue light emission from 

α-NPD. They further chose a fluorophore, Alexa Fluor 430, which has a large Stokes shift (>100 nm), 

allowing for simpler removal of the excitation signal from their CCD detector. In spite of this 

deliberate design choice, their test array still required the use of a bandpass filter, thus highlighting the 

need for further system alterations, such as back-detection device geometries, that reduce the amount 

of excitation light that reaches the detector. Their system was shown to be capable of detecting 156 pg 

of Alexa 430 per droplet of solution, and the researchers extended their LoC system to an indirect 

antibody assay to detect 200 pg of hTG2 with good specificity.  

Choudhury, Shinar and Shinar also investigated patterned blue OLED pixels as their excitation 

source [55]. EL was from 4,4'-bis(2,2'-diphenylvinyl)-1,1'-biphenyl (DPVBi) incorporated into the 

device: ITO/CuPc (HIL)/α-NPD (HTL)/DPVBi (EML)/Alq3 (ETL)/CsF (EIL)/Al. They also examined 

green-emitting devices by replacing the DPVBi EML with Alq3, effectively extending the Alq3 ETL 

already present. 2 mm by 2 mm emitting pixels were formed in a passive matrix by the cross-hatch of 

patterned ITO and Al strips. Similar to the approach by Camou et al. [63,64], the OLED was fabricated 

on a glass substrate and bonded to the patterned PDMS microchannels. Choudhury and coworkers used 

their OLED-microchannel setup for the detection of glucose by dissolving glucose oxidase (GOx) in 

solution with an oxygen-sensitive dye. For blue-emitting OLEDs, tris(4,7-diphenyl-1,10-

phenanthroline) Ru chloride (Ru(dpp)) was used, while Pt octaethylporphyrin (PtOEP) was used with 

the green-emitting OLEDs. At a certain oxygen concentration, PL of the dyes is largely quenched. 

However, the presence of glucose in the microfluidic channel results in its enzymatic oxidation by 

GOx and a local reduction in oxygen content. The decrease in oxygen content reduces the quenching 

of the dye, enabling it to emit, and thus allowing for the highly sensitive detection of glucose.  

Cai and Vengasandra et al. of the same research group expanded upon this work to test for alcohol 

and lactate in addition to glucose with alcohol oxidase (AOx) and lactate oxidase (LOx) [56,57,65]. 

Some key data from this work is shown in Figure 5. The yellow-orange emission is due to the 

combined emission from the Alq3 OLED as well at the PtOEP dye. As a point of interest, the EL decay 

time of the presently examined OLEDs is ~30–100 ns, while the decay time of Ru(dpp) PL is ~0.3 to  

8 μs and that of PtOEP is on the order of ~100 μs. As noted previously, this difference in EL vs. PL 

decay time can be used to vastly improve SNR by offsetting the excitation and the detection. This 

system is thus ideal for PL lifetime measurements, which are illustrated in the sub-panels of Figure 5. 
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The decay time of the photoluminescence for each species relates to its concentration by use of a 

modified Stern-Volmer equation. For the experiment shown in Figure 5, liquid or sol-gel samples 

containing the relevant biological species were deposited into wells containing a pre-deposited 

polystyrene(PS):PtOEP or PS:TiO2:PtOEP film. This is in contrast to earlier work [55], where the dye 

was simply mixed into the sample solution. Furthermore, when the PS:TiO2:PtOEP film is used 

without the deposited analyte, it was shown to be capable of O2 gas sensing from 0 to 100%  

oxygen content. 

Figure 5. Structurally integrated OLED sensor for loc sensing of oxygen, glucose, alcohol 

and lactate, with associated photoluminescence decay graphs. Figure re-used from  

Ref. [56] with permission, copyright 2008 Elsevier B. V.  

 

Edel et al. pursued a PL-sensing LoC with microchannels etched in glass and a spincoated,  

blue-emitting fluoropolymer OLED as an excitation source [66]. The authors used their microfluidic 

channels for electrophoretic separation of fluorescein and 5-carboxyfluorescein. The fluoropolymer 

was chosen so that its emission spectrum overlapped the absorption spectra of the fluorescein dyes at 

~500 nm. Standard filters, lenses and a PMT or a Si APD were used for PL detection. The authors note 

that higher OLED driving voltages resulted in significantly larger SNRs, with a maximum SNR of 840 

for a 10 mM 50 nL fluorescein plug. Detector intensities as well as separation times for the fluorescein 

dyes were comparable for the OLED excitation source versus a standard mercury lamp source. 

Yao et al. used an NPB/Alq3 bilayer OLED as an excitation source coupled with PDMS 

microchannels to measure PL from Rhodamine 6 g and Alexa Fluor 532 [69]. In this work, the 

researchers used an alternating layered TiO2/SiO2 DBR interference filter to block >555 nm light and 

thus to reduce the noise from the OLED excitation light. This allowed for a 13-times improvement in 

sensitivity of Rhodamine 6G dye. Yao and coworkers achieved SNR values of 16.9 and 10.2 using  

50 μM Rhodamine 6G and 7 mM Alexa 532 respectively. The concentration limit for Alexa 532 was 

found to be 3 μM with a 0.7 nL injection volume. The researchers also applied their LoC system for 

separation of bovine serum albumin (BSA) conjugates.  

In later work, Yao and coworkers used EL from a long-strip OLED for imaging  

fluorescently-labelled isoelectrically focused species [70]. This particular approach is a substantial 
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improvement over commercial techniques, which typically use a mobilization step to transport 

isoelectrically focused zones. This mobilization step is both time-consuming, and can cause smearing 

and distortion of the sample bands. While some attempts have been made to perform whole-column PL 

imaging with more traditional excitation sources [77,78], they generally suffered from non-uniform 

excitation. In contrast, an OLED can be fabricated adjacent to a linear microchannel with nearly any 

desired dimensions and relatively uniform emission. It is therefore a perfect candidate as a  

whole-channel excitation source. Using a CCD detector, the researchers isoelectrically focused  

R-phycoerythrin (finding 3 bands instead of 1 band due to impurities) within 30 s and note a system 

sensitivity of ~2.5 nM, as shown in Figure 6. 

Figure 6. Isoelectric focusing electropherograms of R-phycoerythrin from an OLED-LoC 

system. (A) CCD intensity readout at varying concentrations in a 4-cm channel. (B) Time 

evolution of isoelectric focusing for 25 mg/mL in a 2 cm channel. Figures re-used from 

Ref. [70] with permission, copyright 2006 American Chemical Society. 

A

B

A

B

 

As an alternative approach to OLED-based detection of isoelectric focused species, Ren et al. of the 

same research group examined an active-matrix OLED pixel array as an excitation source [68]. In this 

manner, the resolution of the fluorescent image of the channel is determined by the size of each 

individual OLED pixel. In order to generate a full channel image, the pixels are addressed individually 

from one end of the array to the other. Fluorescent light from the labelled species can be measured by a 

simple photodiode and the photocurrent readings stitched together. This approach greatly relaxes the 

requirements of the detector. The researchers successfully applied this system to isoelectrically focus 

R-phycoerythrin to its isoelectric point within ~70–100 s. 

Highlighting the need to miniaturize their entire LoC system, Shin and Kim et al. investigated a 

fully integrated microfluidic system with an Alq3 OLED excitation source and a p-i-n Si PD [71,72]. 

The microchannel itself was etched in glass, and the OLED was deposited onto the same glass 

substrate. Shin et al. also employed an alternating SiO2/TiO2 interference filter on their p-i-n Si PD, 

and bonded the PD to the glass substrate. The authors compared the OLED to a laser source, and noted 

two orders of magnitude poorer PL from rhodamine 6G (by their PD photocurrent) due to excitation 

with the OLED. This was attributed to the poor OLED emission intensity. It is possible that higher 

brightness OLEDs could fare better for this LoC system, with state-of-the-art phosphorescent OLEDs 

granting substantially higher brightness and current efficiency values [79]. Regardless, Shin, Kim and 

coworkers demonstrated their LoCs to be capable of measuring 10 μM of tetramethylrhodamine and  

1 μM of rhodamine 6G. 
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Following the above reasoning, Nakajima and coworkers studied a LoC system with a  

tris(2-phenylpyridine)iridium (Ir(ppy)3) emitter, using the following OLED structure: ITO/N,N'-

diphenyl-N,N'-di(m-tolyl)-benzidine (TPD)/4,4'-Di(N-carbazolyl)biphenyl (CBP):Ir(ppy)3/4,7-

diphenyl-1,10-pheranthoroline (Bphen)/Alq3/Mg:Ag/Ag. This particular device structure employs an 

HTL, a guest:host EML and two ETLs, and ultimately allows for very high brightness values. As a 

first demonstration in a LoC system with a bandpass-filtered CCD detector, Nakajima and coworkers 

detected 7.8 mM resorufin flowing through PDMS microchannels. They further showed the system to 

be capable of detecting 16.5 ng/mL of immunoglobulin A (IgA) in an immunoassay experiment. 

4.2. Organic Photodiode-Integrated Lab-on-a-Chip Systems 

A summary of the LoC systems employing an OPD detector are provided in Table 2. Similar to 

Table 1, the results have been grouped together by their specific application, which coincides with the 

principal investigators. Also, for the cases where a dynamic range is not explicitly listed, values have 

been obtained from figures within the publications (best dynamic range noted for groups of publications).  

Table 2. Summary of lab-on-a-chip systems with OPD detectors. 

Application 
Micro-

fluidic 
OPD Details 

Excitation 

Source 
Analyte 

Dynamic 

Range 
Ref. 

H2O2/Anti-

oxidant 

conc, TAC 

assay 

CL 

CLq 

PDMS 

channel 

ITO/CuPc/C60/BCP/Al 

N/A 

H2O2 10 μM–1 M 

[80–82] 
β-Carotene 22–200 μM 

ITO/PEDOT:PSS/ 

P3HT:PCBM/Al 

α-Tocopherol 10–200 μM 

Quercetin 50–200 μM 

Dye conc CL 
PDMS 

channel 

ITO/PEDOT:PSS/ 

CuPc/C60/LiF/Al 

m-halide 

lamp w/ 

polarizer 

Rh6g, 

fluorescein 
10 nM–10 μM [83] 

Immuno 

assay 
CL 

PDMS 

channel 

ITO/PEDOT:PSS/ 

P3HT:PCBM/Al 
N/A SEB 0.1–50 ng/mL [84] 

Light 

scattering, 

cell counting 

abs 
PDMS 

channel 

P3HT:PCBM-based 

OPD (spraycoat) 
488 nm laser 

HeLa, NHDF, 

Jurkat cells 

4E3–3E5 

cells/cm2 
[85,86] 

Multi-

analyte conc 

PLq 

abs 

film, 

PDMS 

channel, 

pipette 

Au/Moo3/CuPc/ 

PTCBI/Bphen/Ag 

LEDs 

(various) w/ 

aperture 

O2, CO2 0–20% 

[87–91] 
pH 5–10 

RIU n = 1.33–1.43 

Dye conc, 

immuno 

assay 

CL 

PL 

PDMS 

channel 

ITO/CuPc/ 

C60/BCP/Al LEDs 

(various) 

w/fibre 

resorufin 1–50 μM 

[92,93] 
IgA 20–120 ng/mL 

ITO/CuPc/ 

CuPc:C60/ 

C60/BCP/Al 
APnEOs 2–50 ppb 

Immuno 

assay 
CL 

sol'n in 

wells, 

PDMS 

channel 

ITO/PEDOT:PSS/ 

PCDTBT: 

PC70BM/LiF/Al 

N/A 

rhTSH 
30 pg/mL– 

10 ng/mL 
[94–97] 

human 

cortisol 
0.28 - 249 nM 
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Banerjee et al. studied the PL of rhodamine 6G and fluorescein using a PDMS microchannel, a 

halide lamp excitation source and a CuPc-C60 bilayer heterojunction OPD [83]. Their work focused on 

the ultimate limit of detection of a fully integrated LoC PL system, and thus highlighted the need to 

prevent excitation light from reaching the OPD. In a similar vein as Ryu et al. ([46]), Banerjee and 

coworkers used polarizers that were aligned orthogonal to each other and placed at the halide lamp and 

the OPD respectively. The OPD and its polarizer were bonded directly to the PDMS microchannel. By 

altering the orientation of the polarizer at the halide lamp from 0° offset to 90° offset, the authors noted 

a decrease in the OPD current (due to the excitation source background) from 5 μA to 19 nA. The dark 

current of the OPD on its own (with the excitation source off) was found to be 13 nA. This system 

allowed for detection of Rhodamine 6G at a concentration of 10nM. 

Miyake and coworkers also examined LoC systems based on CuPc-C60 photodiodes [93]. Both 

bilayer and BHJ OPDs were fabricated with the device structures ITO/CuPc/C60/bathocuproine  

(BCP) /Al and ITO/CuPc/CuPc:C60 (3:2)/C60/BCP/Al respectively. Note that the latter BHJ device is in 

fact a PM-HJ OSC, which has neat donor and acceptor layers bordering the mixed donor:acceptor 

layer. The PM-HJ device architecture allows for enhanced absorption and free carrier transport 

properties due to the neat donor and acceptor layers, while granting efficient exciton separation within 

the mixed layer. In an optimized device structure, the neat donor and acceptor layer thicknesses are 

ideally chosen to be equal to the exciton diffusion lengths in the respective materials. The researchers 

completed their LoC PL detection system by placing a green LED below their PDMS microchannels, 

and their OPD above the microchannels. In order to minimize excitation light coupled into the OPD, 

Miyake et al. made use of a bandpass filter (in lieu of the polarizers used by Banerjee et al. [83]), 

granting a limit of detection of 1 mM resorufin. They further employed their LoC system in an 

immunoassay to detect 20 ng/mL IgA. Continuing this work, Ishimatsu et al. performed competitive 

ELISA of alkylphenol polyethoxylates (APnEOs) on magnetic microbeads in PDMS microchannels [92]. 

To this end, the researchers used a magnet to immobilize anti-APnEO-immobilized beads within the 

microchannel, and subsequently flowed APnEOs and the secondary sensing antibodies through the 

same microchannel. Their results showed an APnEO limit of detection of 2 ppb. 

Hofmann et al. similarly examined OPD-microfluidic systems based on both planar heterojunction 

and BHJ CuPc-C60 photodiodes [80]. These OPDs were fabricated on glass substrates and were 

subsequently bonded to PDMS microchannels. Using their bilayer CuPc/C60 OPD, the researchers 

achieved peak external quantum efficiencies (EQEs) of ~25%–30% at wavelengths near 600–700 nm. 

Hofmann and coworkers also found a strong limitation to the ultimate limit of detection (LoD) of their 

system to be due to their OPD’s absorption of excitation light. The researchers later developed  

long-pass thin-film filters based on doping PDMS with lysochrome dyes [98]. The use of PDMS and 

common biochemical dyes make these filters especially attractive, as they are easily compatible with 

standard microfluidics fabrication. As a first verification of the capabilities of their integrated  

OPD-microchannel device, Hofmann et al. measured peroxyoxalate chemiluminescence (CL). Both bis 

(2-carbopentyloxy-3,5,6-trichlorophenyl) oxalate (CPPO) and 9,10-diphenylanthracene dye were 

introduced into a first sample well, H2O2 was introduced into a second sample well and  

4-dimethylaminopyridine (DMAP, catalyst) was introduced into a third sample well. The three species 

were hydrodynamically pumped to meet at a channel intersection and then mixed along a 1-cm-long 
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linear segment. The authors noted a limit of detection of ~1 mM H2O2, and they observed a linear 

relationship of the OPD current with the H2O2 concentration up to 1 M.  

Wang and coworkers of the same research group studied a similar LoC system, but instead used a 

P3HT:PCBM-based OPD [82]. Their OPD device structure was ITO/poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)/P3HT:PCBM (1:1)/Al. As noted 

previously, P3HT:PCBM absorbs over most of the visible range (~350m to 700nm), and so this 

particular OPD would not be applicable to LoC systems that require absorption over a small bandwidth 

(e.g., LoC systems with several OPDs to detect multiple PL peaks). In this work, the researchers 

patterned and miniaturized their OPDs to better align with the geometry of their microchannels to 

decrease dark current. As a consequence, using a similar CL reaction as described with [80], Wang et al. 

were able to achieve an H2O2 limit of detection less than 10 μM, with linear OPD photocurrent vs. 

concentration until 1 mM H2O2. This level of sensitivity is on par with a similar system using an 

integrated silicon photodiode [99]. Wang et al. later applied their P3HT:PCBM OPD-LoC for the 

evaluation of the antioxidant capabilities of β-carotene, α-tocopherol and quercetin, granting detection 

limits 10–50 μM [81]. The researchers compared the transient OPD signal to the same system using a 

PMT detector. They found virtually identical signal profiles for the OPD versus the PMT detector, 

with nearly the same detection limits and precision. This work is therefore a strong evidence for the 

capability of integrated OPDs to replace the lab-scale detector set-ups in PL/CL measurements.  

Wojciechowski et al. applied a P3HT:PCBM OPD to detect CL from sandwich immunoassays for 

detection of Staphylococcal enterotoxin B (SEB) [84]. Similar to the work by Wang et al., the authors 

note very low (pA) dark currents with fA noise for their P3HT:PCBM OPDs when kept under low 

reverse bias (0 to 100 mV). OPDs were fabricated on glass substrates, and attachment and assay steps 

were simply completed on the reverse side of the substrates with a patterned PDMS reservoir. The 

samples were then fitted with a microfluidic flow chamber and inserted into a custom-made hand-held 

controller. The components of this system are shown in Figure 7. Their efforts allowed for a limit of 

detection of 0.5 ng/mL SEB, which is on par with commercially available ‘portable’ PMT-based and 

CCD-based systems. Furthermore, while these commercially available systems tout portability, they 

are substantially heavier and costlier than the presently examined OPD-LoC system. 

Figure 7. Various components of the hand-held OPD PL measurement system by 

Wojciechowski et al. (A) From left to right: PMMA holder, PDMS reservoir, glass sensor 

slide with OPD, opaque microfluidic channel. (B) hand-held controller. Figure re-used 

from Ref. [84] with permission, copyright 2009 American Chemical Society. 

A B
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Following the shift in the organic photovoltaics community toward new donor polymers and  

C70-fullerene derivatives (instead of the more common PC60BM), Pires et al. studied BHJ OPDs based 

on a poly [N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] 

(PCDTBT) donor and a [6,6]-phenyl C71-butyric acid methyl ester (PC71BM) acceptor for their LoC 

systems [94–97]. Such OPDs have been shown to be capable of very high efficiencies [100], and 

internal quantum efficiencies approaching 100% over a large portion of the visible spectrum [101]. 

They are thus ideal candidates for LoC systems, where the PL from dilute analyte can be quite weak. 

The OPD integrated with either micro-wells or PDMS microchannels allowed for detection of CL from 

30 pg/mL of recombinant human thyroid stimulating hormone (rhTSH) and 0.28 nM of human 

cortisol. Pires et al. also showed that the PCDTBT:PC71BM OPDs could be used with PMMA 

microchannels for multiplexed detection of pathogens [97], with the total cost of their detection system 

estimated at less than $30 USD. 

In order to demonstrate the versatility of integrated OPD-LoC technology, Lamprecht, Abel, 

Sagmeister and coworkers fabricated a number of different multi-analyte sensors to pair with bilayer 

CuPc/PTCBI OPD detectors [87–91]. Similar to the work by Shinar and coworkers [55–57,65], O2 gas 

concentration is measured by PL quenching (PLq) of films that employ O2-sensitive phosphorescent 

materials (e.g. (II) meso-tetra(pentafluorophenyl)porphine (PtTFPP)). This is accomplished by exciting 

the sensing film with an LED and detecting the change in PL intensity and PL decay dynamics with 

changing O2 concentration—the PtTFPP triplet state is generally long-lived but prone to quenching by 

O2. CO2 and pH were also shown to be measurable by changing the sensing film to films based on 

either 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS):tetra-N-octylammonium 

hydroxide (TOA
+
OH

−
) or HTPS(DHA)3 respectively. In order to reduce dark noise and improve the 

sensitivity of their LoC systems, the researchers employ a unique system geometry with ring-shaped 

OPDs, as shown in Figure 8. This is an extension of the back-detection LoC geometry discussed 

previously; however, this system further decouples the excitation source and the detector by 

waveguiding the sensor film’s PL to a ring-shaped OPD. To further enhance light coupling to the OPD 

in this geometry, the researchers also used a scattering ring opposite to the OPD. The use of 

waveguided light also opens up possibility for surface plasmon resonance test platforms, where the 

sensor spot is replaced by Ag/Ta2O5 thin films. Evanescent waves that penetrate the cladding of the 

waveguide interact with analyte adjacent to the SPR platform, which can then be detected by the OPD. 

Lamprecht et al. employed such a system to test for changes in refractive index in adjacent fluid, 

allowing for the detection of changes in refractive index with a resolution of 8E-4 RIU. This resolution 

is on par with similar systems developed by Ratcliff et al., which make use of Alq3/TPD OLED 

emitters and double pentacene/C60 detectors [102]. 

In their most recent work, Lamprecht et al. adapted this same LoC test platform to a glass pipette, 

placing the sensor film material within the pipette, and then depositing the OPD around the edge of the 

pipette away from the sensor spot [89]. In this case, the glass walls of the pipette act as the waveguide. 

This particular application highlights the promise of organic electronic materials and devices in LoC 

systems. Specifically, OPDs and OLEDs are incredibly adaptable—they are capable of being deposited 

on many different substrates at low temperatures, including substrates that are flexible and  

non-planar. 
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Figure 8. Illustration of the loc system employing a ring-shaped OPD for Reduced dark 

noise. Figure re-used from Ref. [91] with permission, copyright 2013 Springer. 

 

4.3. Fully Integrated OLED/OPD Lab-on-a-Chip Systems 

A summary of the LoC systems employing both an OLED excitation source and an OPD detector 

are provided in Table 3. As with the previous tables, the results have been grouped together by their 

specific application, which coincides with the principal investigators. Also, for the cases where a 

dynamic range is not explicitly listed, values have been obtained from figures within the publications 

(the best dynamic range is noted for groups of publications). Furthermore, while the entries in Table 3 

and the discussion below primarily focus on experimental OLED-OPD-LoC systems, it is worth noting 

that some work has been done on modelling these systems to extract ultimate limits of  

detection [103,104]. 

Table 3. Summary of lab-on–a-chip systems with OLED excitation sources and OPD 

detectors. 

Application 
Micro-

fluidic 
Excitation Source  Detector Details Analyte 

Dynamic 

Range 

Ref. 

Dye conc PL 
PDMS 

channel 

ITO/EB390/NPB/ 

Alq3/LiF/Al 

ITO/PEDOT: 

PSS/CuPc/C60/ 

LiF/Al 

Rh6G 
0.1 nM– 

1 mM 

[105–108] 

fluor- 

escein 

1 µM– 

1 mM 

Multi-analyte 

conc 
PLq 

film (non-

MF) 

Au/CuPc/NPB/ 

Alq3/LiF/Ag Au/CuPc/ 

PTCBI/Alq3/ 

Ag 

O2 0–20% 
[109,110] 

Blue-emitting  

OLEDs 

CO2 0–10% 

pH 3–9 

Multi-analyte 

conc 
PLq 

film (non-

MF) 

ITO/CuPc/NPD/ 

Alq3:C545T/ 

Alq3/LiF/Al 

ITO/PEDOT: 

PSS/P3HT: 

PCBM/Al 

O2 0–100% 

[111,112] 

Ag/MoO3/α- 

NPB/Alq3/LiF/Al 

ITO/LiF/CuPc/ 

C70/Bphen/Al 
pH 4–10 

Cell 

counting, 

herbicide 

conc 

PL 
PDMS 

channel 

ITO/NPB/DPVBi/ 

BCP/Alq3/LiF/Al 

ITO/PTB3: 

PCBM/LiF/Al 

green 

algae CC-

125 

2.1E5–3E6 

cells/mL 

[113] 

DCMU 
7.5 nM– 

1.5 µM 

Immuno 

assay, 

Spectro-

scopy 

abs 
PMMA + 

tape 

ITO/PEDOT:PSS/ 

Ir(mppy)3:PVK 

:TPD:PBD/Ba/Al 

ITO/P3HT: 

PCBM/Ba/Al w/ 

etched glass grating 

mIgG N/A 

[114] 



Electronics 2014, 3 63 

 

 

Banerjee, Pais and coworkers continued their earlier work by replacing their halide lamp excitation 

source with a green-emitting Alq3 OLED [105–107]. As with their previous experiments discussed in 

Section 4.2, the researchers made use of a CuPc-C60 bilayer heterojunction OPD as a detector. The 

authors noted an increase in the limit of detection for rhodamine 6G from 10 nM to 100 nM when 

switching from the halide lamp to the OLED. The authors also measured a limit of detection of 10 μM 

fluorescein for their system—much higher than that of rhodamine 6G due to the poor spectral overlap 

of fluorescein with the Alq3 OLED and the poorer OPD responsivity at ~530 nm (where fluorescein 

emits light). The authors note that with optimization of channel depth, OPD responsivity and OLED 

output power, a detection limit of 10 pM should be feasible. By further reducing the noise within the 

associated system electronics (including connecting wires, the lock-in amplifier, the multimeter and 

the GPIB-USB connector), even lower detection limits are possible. 

Shuai et al. of the same research group later improved upon this fully integrated system, replacing 

the simple bilayer heterojunction OPD with a multiple heterojunction OPD [108]. Both an illustration 

and a photograph of their experimental setup are shown in Figure 9. The multiple heterojunction OPD 

is discussed at depth in [11], and uses multiple thin absorbing layers to increase the OPD absorption. If 

the device is designed correctly, such that the layer thicknesses are smaller than the respective exciton 

diffusion lengths, the multiple heterojunction can strongly enhance OPD quantum efficiency. Their 

final OPD device structure is thus ITO/PEDOT:PSS (HIL/HTL)/CuPc (HTL)/C60 (ETL)/CuPc 

(HTL)/C60 (ETL)/LiF (EIL)/Al. By using this improved OPD with polarizers to reduce dark noise, the 

researchers lowered their limit of detection for rhodamine 6G to 1 nM. 

Figure 9. Illustration and photograph of a fully integrated organic light emitting  

diode-organic photodetector-lab-on-a-chip PL detection system. Figure re-used from  

Ref. [108] with permission, copyright 2008 IEEE. 

 

Kraker and coworkers also made use of an Alq3-based OLED and a CuPc-PTCBI OPD with 

polarizers [109], applying this PL detection scheme to their O2-sensitive films (detailed in Section 4.2 

with Sagmeister, Lamprecht, Abel et al. [87–91]). In order to prevent OLED excitation light from 

reaching the OPD, both the OLED and OPD were fabricated directly on the polarizer foils. A 

PtTFPP:PS film was then deposited on the reverse-side of the OLED foil for efficient measurement of 

oxygen content. The authors further employed this system as a pH sensor using fluorescein-isothiocyanate 

in phosphate buffer. Since organic electronics can be readily deposited on flexible substrates 
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(including polarizer foils), this approach highlights a feasible, and potentially cost/time-saving 

improvement to the LoC fabrication process. Mayr et al. of the same research group instead used blue 

emitting OLEDs in combination with a CuPc-PTCBI OPD to detect O2 and CO2 gas  

concentrations [110]. Here the authors employ the ring-OPD geometry described earlier (shown in 

Figure 8), to detect 0 to 20% O2, 0 to 10% CO2 and 3 to 9 pH with a fast and reversible sensor 

response. The response of the fully integrated LoC with all-organic optical detection is thus shown to 

be on par with their previous LoCs, which used inorganic LED excitation sources.  

Nalwa, Liu and et al. also examined OLED-OPD-LoC systems for O2 and pH sensing [111,112], 

continuing the progress on multi-analyte detection with Shinar and coworkers. Nalwa et al. employed 

a coumarin 545T (C545T)-doped Alq3 fluorescent OLED as an excitation source and a  

longpass-filtered P3HT:PCBM OPD for PL detection [112]. The work allowed for the detection of 0 to 

16% O2. As such, this system is also capable of similar performance as previously studied LoCs that 

used inorganic PMT, CCD or Si PD detectors. The combination of this research with that of  

Kraker et al. noted above thus shows that completely organic optical detection for LoC is a practical 

alternative to more common inorganic detection schemes from both the perspective of the excitation 

source and the detector. Liu et al. focused on further optimizing the sensitivity of their multi-analyte 

LoCs by addressing the generally large full-width at half-maximum (FWHM) of OLED 

electroluminescence [111]. To this end, the researchers employed microcavity OLEDs and the  

back-detection system geometry to substantially reduce the dark noise of their LoC systems by 

reducing the OLED light detected by their OPD. In this work, the OLED has the following structure: 

Ag/MoO3/α-NPD/Alq3/LiF/Al, with the silver layer deposited to only 40 nm to remain  

semi-transparent to the Alq3-emitted light. By fine-tuning the thicknesses of the α-NPD and Alq3 

layers, Liu et al. showed it was possible to use constructive/deconstructive interference to change the 

color of their microcavity OLEDs from green to blue. Longpass-filtered CuPc/C70 bilayer OPDs were 

used due to their strong EQE overlap with their PtOEP-based sensing layer absorption. By measuring 

the PL decay dynamics of PtOEP-based films and the PL intensity variations of solutions containing 

fluorescein, the researchers achieved sensing of 0 to 100% O2 and 4 to 10 pH respectively. 

Lefèvre et al. examined a fully integrated OLED-OPD-LoC system for detection of algal 

chlorophyll [113]. Chlorophyll complex molecules in photosystem II use absorbed energy for 

photosynthesis, which can be generated from blue photons, and subsequently re-emit excess energy in 

the far red region. This system is particularly interesting for LoC PL detection, as the absorption and 

emission bands are spaced ~200 nm apart. The researchers used a blue DPVBi-based OLED for 

excitation and a polymeric PTB3:PCBM BHJ OPD for detection. The PTB class of polymers was 

developed for OSCs, and has been shown to yield solar cells with very high performance [115,116]. It 

is based on alternating ester substituted thieno[3,4-b]thiophene and benzodithiophene units and 

exhibits an absorption peak at 700 nm, with tail-end absorption extending up to 800 nm. It is thus ideal 

for the present application, as it can absorb the far-red photons emitted by algal chlorophyll. To further 

minimize dark noise due to OLED light being detected by the OPD, Lefèvre and coworkers used  

thin-film filters formed by incorporating dyes into host resin. In fact, the ease of implementation and 

success of these thin-film absorbing filters follows as a consequence of the large separation between 

the OLED EL peak and the chlorophyll PL peak. Both the OLED and the OPD were formed on glass 

substrates and subsequently bonded back-to-back to the PDMS microchannels with their relevant 
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filters. An illustration and photograph of the system layout are shown in Figure 10. Lefèvre et al. used 

this system to identify a limit of detection of ~1900 algal cells within their detection chamber  

(2.1E5 cells/mL). The researchers further used this system for detection and quantitation of herbicides, 

with Diuron (DCMU) concentrations as low as 7.5 nM, surpassing the detection limit of portable 

commercial equipment by an order of magnitude. 

Figure 10. (A/B) Illustration of a fully integrated organic light emitting diode(OLED)-

organic photodetector(OPD)-lab-on-a-chip PL detection system. (A/B) (a) OPD (b) 

excitation filter (c) microfluidic channels (d) emission filter (e) OLED. (C) photograph of the 

microchannels (colour dyes show channels). Figure re-used from Ref. [113] with permission 

of The Royal Society of Chemistry. 

C)

A

B

C

C)

A

B

C

 

As a final demonstration of the potential for fully integrated organic electronic optical detection 

schemes for LoC applications, we examine work completed by Ramuz, Leuenberger and Bürgi, who 

used polymer OLED emitters and OPD spectrometers for flow immunoassays [114]. Their system 

relies on SPR interaction with analyte in PMMA microchannels by using a SiO2/TiO2/Cr/Au/TiO2 SPR 

sensing platform, with the specific LoC geometry shown in Figure 11. The researchers employed a 

phosphorescent polymer OLED with the structure ITO/PEDOT:PSS/ tris[2-(p-

tolyl)pyridine]iridium(III) (Ir(mppy)3):poly(9-vinylcarbazole) (PVK):TPD:PBD/Ba/Al. The polymer 

LED pumps a ‘PL-material’, MEH-PPV, to efficiently couple excitation light into the waveguide. The 

indirect excitation with the MEH-PPV ‘PL-material’ provides better TM mode coupling into the 

waveguide when compared to direct excitation of the polymer OLED. The second benefit to this 

method is that the intensity of the light coupled into the waveguide can be scaled with the size of the 

MEH-PPV PL layer and the size of the polymer OLED. After passing the SPR platform, the 

waveguided light propagates to a 500 μm grating of etched glass (312 nm period, 12 nm depth), which 

scatters light into an OPD array (10–50 μm-wide OPD pixels with 5 μm pitch. This approach 

impressively acts as a spectrometer with 5 nm resolution. Using this system, Ramuz et al. performed 

an immunoassay for mouse immunoglobulin G (mIgG). Spectra during each stage of the immunoassay 

were obtained, and clear changes were observed for both the functionalization of the microchannel 

with mIgG, as well as the subsequent addition of anti-mIgG labelled with the Cy5 fluorescent marker. 

While this initial demonstration is already impressive, the incorporation of a fully functional organic 
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spectrometer into LoC has incredible potential, and can be easily applied to any number of optical  

bio-detection experiments. 

Figure 11. Illustration of a LoC system using SPR-absorption analyte detection with a 

polymer OLED excitation source and an OPD spectrometer. Figure re-used from Ref. [114] 

with permission, copyright 2010 Wiley Periodicals, Inc. 

 

5. Conclusions 

LoC systems promise substantial improvements in many analytical procedures, especially in those 

implementing complicated lab-based techniques to simple point-of-care tests. However, LoC systems 

also suffer in that they are inherently multidisciplinary endeavours, requiring expertise in incredibly 

varied fields of study. The present review examined the meshing of three core fields of  

research—organic electronics, microfluidics and life sciences. The entrance difficulty associated with 

application of all of these fields simultaneously has resulted in a relatively under-developed area of 

study. To this end, there are only a handful of examples of truly integrated PL LoC systems that do not 

require external lab space and equipment. In spite of this, the preliminary data from the reviewed 

research overwhelmingly supports the fact that optimized OLED-OPV-LoC PL systems are certainly 

capable of surpassing current commercial portable analysis technology, and in some cases may even 

rival lab-scale set-ups.  

Arguably the most critically important parameter to dictate a PL system’s realm of applicability is 

its limit of detection. In most studies, researchers identified the detector’s absorption of the excitation 

light as a hindrance to the limit of detection, since it increases the background or zero-point signal. In 

lab-scale set-ups, the majority of excitation light can be removed by clever placement of the  

detector—ideally orthogonal to the excitation source and 45° to the channel. In a scaled down LoC 

system, this geometry is unwieldy and difficult to implement. As such, researchers have pursued  

back-detection architectures, waveguide-coupled PL, time-delayed and PL lifetime analysis, 

interference filters, absorbing filters and polarizer films to varying degrees of success. 

The other most significant impediments to the ultimate limit of detection are related to the quality 

of the OLED and OPD. Namely, most research on this topic to date can be best described as  

proof-of-concept, using the simplest bilayer Alq3 OLEDs and the most basic CuPc-C60 or 

P3HT:PCBM OPDs. These studies have done well to invigorate and spur new research—the past 
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decade of research has allowed for applications of this technology spanning simple chemical detection, 

to imaging whole-channel isoelectric focusing, to observing peroxyoxalate CL, to miniaturized organic 

spectrometers and finally to the measurement of algal PL for herbicide characterization. However, as 

noted by Banerjee and coworkers [105], the output power of their OLED must be improved by up to 

150-times and the responsivity of their OPD must be improved by up to 50-times for their integrated 

LoC system to reach lab-scale sensitivities. Other improvements can be made in LoC system 

geometry, as has been observed with the successful use of ring-OPDs and OPDs deposited on circular 

substrates. It is now necessary to push the OLED-OPV-LoC system to its limits to probe its  

ultimate capabilities.  
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