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Abstract— Objective: The detection of metabolites such 
as choline in blood are important in clinical care for 
patients with cancer and cardiovascular disease. Choline 
is only present in human blood at low concentrations 
hence accurate measurement in an affordable point-of-
care format is extremely challenging. Although 
complementary metal-oxide semiconductor (CMOS) and 
microfluidics are individually mature technologies, their 
integration has presented challenges that we overcome in 
a novel, cost-effective, single-step process.  

Methods: To demonstrate the process, we present the 
microfluidic integration of a metabolomics-on-CMOS 
point-of-care platform with four capillary microfluidic 
channels on top of a CMOS optical sensor array.  

Results: The fabricated device was characterised to 
verify the required structural profile, mechanical strength, 
optical spectra, and fluid flow. As a proof of concept, we 
used the device for the in-vitro quantification of choline in 
human blood plasma with a limit of detection of 3.2 µM 
and a resolution of 1.6 µM. 

Significance: Integration of microfluidics on to CMOS 
technology has the potential to enable advanced sensing 
technologies with extremely low limit of detection that are 
well suited to multiple clinical metabolite measurements. 

 
Index Terms— CMOS, microfluidics, point-of-care, mobile 

technology, lab-on-chip, metabolomics, microfabrication, 
sensor array, microarrays, system integration.  

I. INTRODUCTION 

More-than-Moore complementary metal-oxide semiconductor 

(CMOS) technology has the potential to extend the capability 

and exploitation of microelectronics into new and emerging 

markets such as wireless point-of-care (POC) diagnostics [1]. 

Hybrid microfluidic-CMOS systems offer unique advantages 

for delivering high-throughput, rapid and affordable 

technology for diagnostic measurements made using bodily 

fluids such as blood and urine. Microfluidics provides an 

efficient approach to reducing reagents and sample volume 

and enables multiplexing of biological assays [2]. Integrated 

sensors and circuits have high accuracy, low power 
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consumption, low cost and are ideal for portable and 

miniaturized diagnostic systems. As an electronic component, 

CMOS is well-suited to enhanced functionality of wireless 

technologies such as smartphones and tablets to create fast and 

accurate multi-analyte POC diagnostic devices. Testing 

multiple biomarkers enables pattern recognition strategies 

which can improve diagnostic accuracy and detect early onset 

of deadly diseases [3, 4].   

A further benefit of microfluidic-CMOS integration is the 

potential for improved limit of detection (LOD) when 

measuring small samples, exploiting close proximity and 

reduced interference that would otherwise impact the signal-

to-noise ratio of a system [5]. Low LOD CMOS-based devices 

have been reported with no multiplexing capability [6, 7]. 

Wash steps are frequently needed. Furthermore, a hybrid 

microfluidic-CMOS system has the potential to enable a new 

generation of simple to use optical POC technologies 

measuring multiple blood biomarkers in micro- and nanomolar 

concentrations. For example, there have been extensive studies 

in digital polymerase chain reaction (PCR) technology [8], 

portable nucleic acid quantitative detection devices [9] and 

fully integrated nucleic acid detection platforms [10]. A hybrid 

microfluidic-CMOS system has the potential to combine 

genomics with other omics technology, including 

metabolomics and proteomics, leading to a new era of multi-

omics POC platforms. 

Many fabrication techniques have been proposed in the 

literature for delivering hybrid microsystems, including 

micromachining [11, 12], laser ablation [13, 14], replica 

moulding [15, 16] and printing [17]. Table I shows the prior 

art in the field. A recurring problem is the scale mismatch 

between microelectronic and microfluidic devices. A CMOS 

chip’s cost is proportional to its area, so integrated circuit 

technology is driven to be small (Moore’s Law). Although 

microfluidic channel sizes are compatible with CMOS 

elements, typically fluidic input/output (I/O) ports need to be 

large enough (hundreds of micrometers) to allow for a 

practical interconnect and fluid sampling. Thus, using a small 

CMOS chip to reduce the cost, the fluidic area is usually 

extended beyond the chip’s perimeter by embedding it in a 

planarized surrounding medium [11, 14, 18]. The packaging 

and planarization that is required entails additional processing 

steps that complicate the manufacturing and increase the cost 

of the final device.  
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TABLE I 
 INTEGRATION OF INTEGRATED CIRCUITS (IC) WITH MICROFLUIDICS. 

Further challenges for integrating microfluidics and CMOS 

are process compatibility, the topology of the chip, alignment 

and functionalization [5, 19]. CMOS chips are frequently 

packaged using wire-bonding. Bonds require encapsulation to 

minimize breakages, owing to their fragile nature, and for 

electrical insulation. Unlike traditional electronic packaging, 

fluidic packaging has not been standardized. Thus, the 

approach to accommodate fluidics on CMOS is either to 

modify a pre-existing standard package or develop a custom 

one. Alternative methods for hybrid system packaging have 

been demonstrated including liquid interconnections [20] or 

flexible printed circuit board (PCB) [15], but they have 

practical limitations and are not easily reproduced. Current 

solutions are typically customized, empiric and involve 

complicated fluidic designs which can be difficult to be used 

in practical applications. As a consequence of these barriers 

there is a lack of standardization, reliability and ease of use 

[21].  

In this paper, we present a versatile, reproducible, and 

affordable process to monolithically integrate passive capillary 

microchannels with CMOS that eliminates the complexities 

needed in previous techniques. The process is suitable for 

manufacturing disposable CMOS cartridges capable of 

performing multiple measurements at the same time. The 

technique addresses the technological challenges by using a 

combination of replica and injection moulding that minimise 

the production time by reducing the number of steps. The 

process exploits the epoxy-moulding compound (EMC) IC 

encapsulation packaging method and benefits from EMC’s 

well-known wire-bond mechanical stabilization properties 

[22]. As a proof-of-concept, complete devices were 

demonstrated by the integration of four microfluidic channels 

on top of a CMOS optical sensor array. The apparatus was 

used for the rapid quantification of the blood-borne metabolite 

choline in human plasma (physiological range 7 – 20 µM 

[23]). Elevated concentrations of choline have been associated 

with several conditions including cardiovascular disease [24] 

and cancer [25]. We demonstrate that the hybrid device can 

perform multiple measurements with a LOD of 3.2 µM and 

resolution of 1.6 µM. The process is therefore suitable for 

delivering rapid and affordable POC technology for 

multiplexed measurements with micromolar LOD. 

II. DESIGN AND SIMULATIONS 

To demonstrate the proposed integration method, a 

microfluidic network with four identical microfluidic channels 

was designed and monolithically integrated on to a custom 

CMOS sensor array. The device was designed to make 

measurements of metabolite concentrations in blood products. 

As a proof of concept, we focused on blood choline. Choline 

quantification is typically measured with liquid 

chromatography-tandem mass spectrometry (LC/MS) [26]. 

Despite the high precision (relative standard deviation: 0.7%) 

and ultra-low LOD (53.6 pM), LC/MS choline measurements 

require a bulky and specialized equipment and is time 

consuming and expensive [27]. Choline quantification has also 

been performed with biosensing techniques, including 

absorbance, fluorescence, chemiluminescence and 

electrochemistry [26]. Choline biosensors with LOD in the 

micromolar range have been shown in the literature [26]. 

However, usually they can measure only a single metabolite 

and do not have pre-loaded dried reagents. They therefore 

have practical limitations inhibiting their deployment. 

  

(a) (b) 

 
          (c) 

Fig. 1. (a) CMOS sensor array. (b) Simulations of the filling time of a 
microfluidic channel for different combinations of h and θt for blood 
(w = 300 µm; θs = 98.4°; θb = 78.2°; L = 4 mm). (c) Simulations of the 
meniscus position with respect to the inlet in a microchannel with  
w = h = 300 µm; θs = 98.4°; θb = 78.2°; θt = 32.5°; L = 4 mm. 
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CMOS  - Yes  300  SU-8 

glass 
Planarization 

Photolithography [11] 

IC/ 

flexible 

PCB 
- Yes 

(PDMS) 120  glass Laser engrave [13] 

CMOS/ 

flexible 

PCB 
4 Yes 

(Polyimide) 85  PDMS Replica moulding 

Adhesive bonding [15] 

CMOS  - Yes 

(photoresist) 1.8  PMMA Planarization 

Laser engrave [14] 

IC  1 No 0 PDMS Replica moulding 

Plasma bonding [16] 

CMOS  1 No 0 Epoxy Direct writing [17] 

CMOS  - No 0 SU-8 Photolithography 

Plasma bonding [12] 

CMOS  1 No 0 SU-8 

PDMS 

Planarization 

Photolithography 

Plasma bonding 
[18] 

CMOS  - No 0 PDMS Replica moulding 

Encapsulation [20] 

CMOS  4 No 0 Epoxy 

PDMS 

Replica moulding 

Injection moulding 

Plasma bonding 

This 

Work 
1 Distance between fluid and top layer of the IC circuit.  

PDMS:  Polydimethylsiloxane; PMMA:  Poly(methyl methacrylate) 
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TABLE II 
SIMULATION PARAMETERS 

Design Equation  Relation 

Hagen-Poiseuille   

Hydraulic resistance 
(rectangular cross-section) [29] 

 

Meniscus position 

 

Capillary pressure  
 

Fluid/Material Design Parameter 

Water η  = 0.84 [mPa/s][33] γ = 0.073 [N/m][33] 

Human Serum η  = 1.4 [mPa/s] [34] γ =0.050 [N/m][35] 

Human Plasma η  = 1.7 [mPa/s] [34] γ =0.045 [N/m][35] 

Human Blood η  = 2.4 [mPa/s] [34] γ =0.056 [N/m][36] 

PDMS  θt = 107° (measured); 100° - 110° [37] 

Plasma-treated PDMS  θt = <10° [37] 

PVA-coated PDMS  θt = 32.5° (measured); 20° - 40° [37] 

Epoxy resin  θs = 98.4° (measured); 75°- 100° [38] 

CMOS Chip  θb = 78.2° (measured)  

Notations: Δp: Pressure gradient; Q: flow rate; η: dynamic viscosity; γ: 

surface tension; L: channel length; h: channel height; w: channel width; θb: 

contact angle of bottom material; θt: contact angle of top material; θs: 

contact angle of side material. 

 

The CMOS sensor array used in this work was a custom 

16 x 16 array of sensing elements (Fig. 1(a)). Each element 

was 100 µm x 100 µm and integrated a photodiode sensor. 

The size of the chip was 3.4 mm x 3.6 mm. The CMOS chip 

has been fully characterized in previous works [28]-[31]. The 

chip required wire bonding for use.  By having bond-pads to 

the left and right-hand sides only, a fluidic region was left 

clear for microchannels to run from top to bottom with no 

interruption from bond wires (see Fig. 1(a)). Fluidic I/O were 

places at the top and bottom edges of the chip.  

To perform a choline test, we use an enzyme-based 

colorimetric assay. We introduce an assay reagent formulation 

into the channels that uses a metabolite-specific enzyme, 

choline oxidase (CHOX), that liberates H2O2 during the 

reaction with choline. The H2O2 in turn reacts with peroxidase 

(HRP), phenol and 4-aminoantipyrine (4-AAP) to produce a 

colorimetric change that increases the optical absorbance of 

the liquid in the channels that is detected by the on-chip 

photodiodes. More details are given in Section III. The 

reaction is measured as a function of time. Thus, the 

concentration of the metabolite can be calculated using the 

Michaelis-Menten equation by determining the initial reaction 

rate [28]:  

                 
(1) 

where [P] and [S] are the concentrations of the reaction 

product and the substrate, Vm is the maximum rate achieved by 

the system and Km is the Michaelis constant. 

It is desirable that sensing area of the device should be 

covered rapidly by the fluid flowing in the microfluidic 

channel (i.e. filling time) to obtain an accurate estimation of 

the initial reaction rate. In order to choose a design that would 

permit fast filling of the channels, the filling time of passive 

microfluidic channels was modelled in Matlab using the fluid 

mechanics equations shown in Table II [32]. The 

microchannels were designed with a rectangular section of 

width, w; height, h; and length, L. The effect of contact angle 

was modelled using water as an initial approximation to the 

blood products in use. The contact angles to the bottom, top 

and side materials, denoted θb, θt, and θs respectively, were 

introduced to the model since different materials were used.  

Simulations to analyse the fluid flow in the microstructure 

with water, human serum, plasma, blood were performed with 

appropriate values for the dynamic viscosity, η, and the 

surface tension γ. Table II summarises the parameters used. 

The effect of h and θt on the filling time for the example of 

whole blood is shown in Fig. 1(b). Simulations indicated that a 

microfluidic channel made with w = 300 µm, h = 300 µm, 

L = 4 mm, θb = 78.2°, θs = 98.4°, and θt = 32.5° minimised the 

filling time. The simulated filling time for water, serum, 

plasma and blood in the designed microstructure were found 

to be 1.7 s, 10.6 s, 18.1 s, and 23.3 s, respectively (see Fig. 

1(c)). Using these simulations, a photomask for lithography 

was designed using Tanner L-EDIT from Mentor Graphics.  

III. FABRICATION 

The proposed integration method uses a combination of 

replica and injection moulding and is illustrated in Fig. 2.  

A SU-8 mould was fabricated using a photolithographic 

process on a 4’’ silicon wafer. The target microchannel height 

was higher than the typical SU-8 3050 thickness hence a 

double layer of photoresist was necessary. SU-8 3050 was 

spin-coated on the wafer for 30 s at 1000 rpm and then 

sequentially baked for 1 min at 65oC, 90 min at 90 oC and 

1 min at 65 oC on a vacuum hotplate. A second layer of SU-8 

3050 was then spin-coated on to the wafer and baked as before 

(Fig. 2(a)). The sample was patterned by exposing it twice to 

ultraviolet light with a 15 s waiting time between exposures 

using a Karl Suss mask aligner (MA6). Each exposure was for 

70 s (Fig. 2(b)). The sample was then baked on a vacuum 

hotplate for 2 min at 65 oC, 10 min at 90 oC and 2 min at 

65 oC. The patterns were developed using ethylene carbonate 

solvent (development time 28 min). The wafer was then rinsed 

with isopropyl alcohol (IPA) and baked (30 min at 180 oC) 

(Fig. 2(c)).  

The SU-8 mould was silanised by exposure for 30 min to 

Trichloro (1H,1H,2H,2H-perfluorooctyl) silane in a vacuum 

chamber (Fig. 2(d)). The silanisation process aided the later 

removal of PDMS from the SU-8 mould. The wafer was then 

placed into a petri dish. 25 g of a 1:14 w/w mixture of 

PDMS:curing agent was poured onto the mould and degassed 

for 1 hour in a vacuum chamber (Fig. 2(e)). The PDMS was 

then cured (2 h at 70 oC), released from the SU-8 mould, 

placed on to a clean substrate, and cut with a sharp knife 

(Fig. 2(f)). The PDMS microstructure was then temporarily 

bonded to the CMOS chip using a flip-chip bonder (Model 

850, Semiconductor Equipment Corporation) (Fig. 2(g)). 

Patterns that were present on both the chip and the PDMS 
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microstructure enabled alignment. There was no oxygen 

plasma exposure or adhesive coating step before PDMS 

bonding. The bonding was thus only temporary, as a 

consequence of Van der Waals forces, and the PDMS mould 

could later be easily peeled off from the chip using tweezers. 

The 1:14 mixture of PDMS:curing agent showed better 

adhesion to the CMOS than the more commonly used 1:10 

ratio [39].  

The CMOS chip with the PDMS microstructure was bonded to 

a 120-pin ceramic pin grid array (CPGA) package, purchased 

from Spectrum Semiconductor Materials, using the EPO-TEK 

H74 epoxy from Epoxy Technology Inc (Fig. 2(h)). The 

overall size of the selected CPGA package was 

3.3 cm x 3.3 cm, with a 1 cm x 1 cm cavity accommodating 

the structure to be wire-bonded. The CMOS chip was then 

wire-bonded to the CPGA package using the Hesse and 

Knipps Bondjet 710 (Fig. 2(i)). 

Black epoxy resin (302-3M 1LB by Epoxy Technology Inc.) 

was flowed into the PDMS microstructure (Fig. 2(j)). The 

PDMS structure was designed to be larger than the chip area 

in the top and bottom directions (Fig. 2(k)). As such, in the 

same epoxy-moulding processing step, we were able to 

perform wire-bond encapsulation (left and right sides, see Fig. 

2(l)), planarization (top and bottom of chip, see Fig. 2(m)) and 

injection moulding for microfluidic fabrication. After the 

epoxy resin was cured (48 h at room temperature), the PDMS 

structure was removed from the CMOS chip, leaving behind 

the open epoxy microchannels (Fig. 2(n)). The open channels 

can then be functionalized for a specific assay (Fig. 2(o)). For 

the colorimetric determination of choline, a reaction mixture 

composed of 6.7 μL CHOX (150 U/mL), 6.7 μL HRP 

(300U/ml), 3.3 μL phenol (44.5 mM), and 3.3 μL 4-AAP (10.5 

mM) was prepared. 

 

Fig. 2. (a) SU-8 3050 coating; (b) Photolithography; (c) SU-8 mould; (d) 
Silanisation; (e) PDMS casting; (f) PDMS microstructure; (g) PDMS 
microstructure temporarily bonded onto the CMOS; (h) CMOS chip 
bonded onto a ceramic package; (i) Wire-bonding; (j) Epoxy injection; 
(k) Top view; (l) Injected epoxy encapsulate the wire-bonds and (m) 
planarizes the surface; (n) PDMS is removed after epoxy is cured; (o) 
Functionalisation; (p) Microchannel enclosure with PVA-coated PDMS.  

All chemicals were purchased from Sigma Aldrich and 

prepared in DI water. One microliter of the reaction mixture 

was pipetted in each microfluidic channel using ultralong 

microloader pipette tips (Eppendorf). The device was then 

dried at room temperature in a vacuum chamber for 1 hour, 

leaving the pre-loaded reagents in a dried state.  

To enclose the microchannels, a plain slab of PDMS was cut 

with a sharp knife (4 mm x 3 mm), cleaned, exposed to 

oxygen plasma (1 min at 80 W) and immersed in a water 

based polyvinyl acetate (PVA) solution (1% w/w , 10 min) to 

achieve a uniform PVA coating [37]. The surface of the 

PVA-coated PDMS was activated using oxygen plasma (80 W 

for 45 s) and then brought in contact with the epoxy open 

channel under constant pressure of 5 psi for 15 min, creating 

enclosed microchannels (Fig. 2(p)). Devices fabricated 

without the functionalization step underwent an additional 

baking step (15 min at 90 oC).  

IV. RESULTS  

A. Fabrication Results  

Microchannels were successfully fabricated using the design 

specifications. Micrographs of the resulting SU-8 mould, 

PDMS microstructure and final device are shown in Fig. 

3(a-c). The misalignment of the microchannel integration 

process, evaluated over three different samples, was estimated 

to be less than 25 µm on both axes (Fig. 3(d)). 

The height and width of the microstructures with a double 

SU-8 layer was, on average, 291.95 ± 6.44 µm and 

300.87 ± 0.86 µm, respectively, as shown in Fig. 3(f, g). The 

trench had a deep slope of approximately 929 µm/µm 

(Fig. 3(h)). The length of the channel was, on average, 

4.0 ± 0.1 mm.  

The mechanical strength of the microfluidic structure was 

quantified using both tensile and shear testing. Destructive 

tensile testing was performed using two unfunctionalized 

devices on a custom setup. An increasing tensile force was 

applied to the PDMS lid and the chip package to separate 

them. The PDMS structure was stressed then deformed before 

peeling off from the substrate. Irreversible PDMS damage 

started when applying a force of 70 g – see Fig. 3(i). Shear 

testing was carried out using a DAGE 4000HS bond tester on 

unfunctionalized test structures made from PDMS 

microchannels bonded to a 3.4 mm x 3.4 mm silicon substrate 

that had a 500 nm coating of silicon nitride. The shear test 

showed that the bonds could tolerate a maximum lateral force 

of 576 g – see Fig. 3(j). 

A spectrometer was used to measure the optical transmittance 

of the materials used for fabricating the device (ffTA-1 from 

Foster and Freeman, see Fig. 3(k)). For this evaluation, test 

structures were fabricated onto a glass substrate. The PVA 

coating was found to slightly reduce the transmittance of the 

untreated PDMS from 98.8% to 95.3% @ 500 nm. The epoxy 

regions between the channels had a small optical transmittance 

of 25.28%. The final device is shown in Fig. 3(l).  
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Fig. 3.  (a) SU-8 mould. (b) PDMS mould. (c) Epoxy microfluidics. (d) Misalignment. (e) Surface flatness of the planarized area. (f) Cross-section of a 

4-microchannel network. (g) Optical profile. (h) Microfluidic wall.  (i) Tensile testing. (j) Shear testing. (k) Optical spectra. (l) Final device. 
 

B. Fluid Flow Characterisation  

The flow rate of the fluids was quantified in unfunctionalized 

devices using the optical sensor array embedded into the 

CMOS chip. The device’s frame rate of 36.5 fps gave a 

temporal resolution of 27.4 ms. Capillary action was verified 

by visual inspection which also showed that the microstructure 

was successful in drawing the liquid into the microchannel 

with no leakage to adjacent channels (Fig. 4(a)). The 

introduction of a sample into the microstructure created a 

detectable change in the output of the sensors. Photodiodes 

recorded a voltage spike and a sudden increase of 

transmittance once each sensor in turn was covered with the 

added liquid. The signal was a consequence of the decrease of 

the refractive index contrast producing a reduction of the light 

reflected from the interface. The spike, presumably produced 

as the result of the rapid transit of the meniscus which has 

different optical properties, was very pronounced and clearly 

detectable, as shown in Fig. 4(b).  

Sensors in the same channel and equidistant from the channel 

inlet responded with simultaneous voltage spikes (Fig. 4(c)). 

This demonstrated that the meniscus advanced uniformly in 

the channel. Sensors positioned increasing distance from the 

channel inlet responded with sequential spikes, effectively 

recording the advancement of the meniscus (Fig. 4(d)). The 

flow rate, and the filling time of diluted serum (1:10), diluted 

plasma (1:1) and whole blood were experimentally measured. 

Each experiment was repeated three times using the same 

device. The results were thus calculated as the average and 

standard deviation over the three identical experiments. 

Human serum and plasma were purchased from Sigma 

Aldrich and diluted in DI water. Human blood was purchased 

from Cambridge Bioscience. 

For diluted serum, the time required for the sample to reach 

the first and the last pixel (filling time) of the array were 

2.48 ± 0.06 s and 4.58 ± 0.129 s. The same figures increased 

to 2.44 ± 0.01 s and 7.67 ± 0.01 s, respectively, for diluted 

plasma (1:1). The time required for the blood to reach the first 

and the last pixel of the array were 13.05 ± 5.20 s and 

28.23 ± 11.77 s. 

Experimental data was compared to simulations with adjusted 

parameters. The adjusted viscosity and surface tension values 

of the experimental solutions were obtained using diluted 

human specimens and estimated using a linear regression. The 

correlation between experimental and simulated data was 

R2 > 0.98 using w = 301 µm, h =292 µm, L = 4.0 mm, 

θb = 78.2°, θs = 98.4°, and θt = 32.5° for the simulation 

(Fig. 4(e)).
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(a) (b) (c) 

  

 
 

(d) (e) (f) 

Fig. 4. (a) Photographs showing the fluid sample (water) covering the sensing area of the CMOS chip in ~ 3 seconds. (b) Raw data from the 
photodiode array. Each photodiode records a sudden voltage spike followed by an increase of the light transmission when the fluid in the 
channel reaches a sensor area in the channel. (c) In the microchannel, the advancing meniscus simultaneously covered sensors equidistant 
from the channel inlet. (d) In the microchannel, the advancing meniscus sequentially covered sensors at increasing distance from the channel 
inlet. (e) Meniscus position with respect to the inlet in the microchannel vs. simulations. (f) Filling time for parallel microfluidic channels using 
different specimens. Data is reported as the average ± standard deviation over three replicates for both the subfigures. 

The average error between measured data and simulation over 

all the data points was 3.4 s. The flow of adjacent 

microchannels, fabricated on the same CMOS chip, was also 

analysed. This analysis demonstrated that a parallel flow 

occurred in the microchannels. As expected, the filling time in 

parallel channels was virtually identical when using the same 

specimen fluid (see Fig. 4(f)). 

V. METABOLOMICS ON CMOS 

Assays to measure choline using the hybrid microfluidic-

CMOS device were performed by reading the optical 

absorbance of the fluid sample at 490 nm over five minutes. A 

3mW LED from Thorlabs (λ=490 nm, FWHM=20 nm [40]) 

with fixed light intensity was used as light source for the 

absorbance experiments.  

The hybrid device was connected to a custom handheld reader 

using a zero-insertion force socket. The reader was composed 

of a custom PCB board and a microcontroller (ST Nucleo 

F334R8 board) programmed before use with custom firmware. 

The reader was used to interface the sensor array for 

addressing, data digitization (12 bits, 3.3V range) and 

transmission to a personal computing device (HP EliteBook 

i7-8650u 16 GB) via a USB link. The reader was powered by 

the USB link (5 V) that in turn powered the hybrid device (3.3 

V). A custom Matlab program was used on the laptop to 

acquire, visualize, and process data.  

To show that microchannels can be independently 

functionalized, a preliminary experiment was carried out in 

which only one of the four microchannels was functionalized 

for a choline assay, as described in Section III. The remaining 

three channels were functionalized with all other biological 

reagents except the CHOX enzyme. Choline substrate (choline 

chloride powder ≥ 98%) was purchased from Sigma Aldrich. 

A test solution containing 250 µM choline was prepared in 

deionized (DI) water. 15 µL of testing solution was inserted 

by pipetting on to the chip’s fluidic input. Data collected by 

the sensors in the same microfluidic channel were averaged 

[41]. The experiment was repeated three times with the same 

result. A typical example of the result is presented in Fig. 5(a). 

The data show that only the channel functionalized with 

CHOX (Channel 2 in Fig. 5(a)) experienced a detectable 

signal. The remaining three channels with no CHOX had no 

response in the presence of choline. No obvious crosstalk 

between adjacent channels was observed, showing that 

channels can be independently functionalized. The process has 

therefore the potential to deliver hybrid devices capable of 

multiplexed measurements.  

To demonstrate choline assay in human plasma, a human 

plasma sample from a healthy donor was purchased from 

Cambridge Bioscience. The endogenous choline concentration 

of the sample was measured by ultra-performance liquid 

chromatography-tandem mass spectrometry and found to be 

14.8 µM. The sample was then aliquoted. 
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(a) (b) (c)  
Fig. 5. (a) Simultaneous measurements of 250 µM choline in DI in one functionalised microchannel with CHOX (Ch 2) vs channels with no 
CHOX (Ch1, Ch3, Ch4). As expected, only the channel functionalised with CHOX shows a detectable response. (b) Measurements of different 
concentrations of plasma choline in the microchannels (raw data and fitting). (c) Initial reaction rate vs plasma choline concentration.  

 

TABLE III 
PLATFORM CHARACTERISATION IN PLASMA FOR CHOLINE.   

 

Parameter Value 

Physiological Range  7 – 20 µM [23] 

Test Range 0 –189.34 µM 

Sample Volume 15 µl 

Test time 5 min 

Linearity (R2) 0.97 

Analytical Sensitivity 7.78·10-3 mV s-1 µM-1 

Vm 162.6 mV s-1  

Km 20.3 mM 

Precision 17.7% 

Resolution  1.6 µM 

LOD  3.2 µM 

 

Aliquots were modified with additional known concentrations 

of choline substrate. For each test concentration of choline, the 

assay was performed using all four channels simultaneously 

functionalized for choline assay as described in Section III. 

Each experiment was repeated three times. In each 

experiment, 15 µL of plasma was inserted by pipetting on to 

the fluidic input. The device was cleaned and reused. A 

cleaning procedure after each experiment was adopted to 

avoid cross-contamination. 

The cleaning recipe involved subsequent rinse in DI water, 

IPA, ethanol, and nitrogen blow-dry. Raw data for different 

concentrations of choline in plasma is shown in Fig. 5(b).  For 

each experiment, data from photodiodes in the same 

microfluidic channel were averaged and fitted using a second 

order exponential model. Reaction rates were estimated on the 

fitted signal. Increased concentrations of the substrate created 

an increased reaction rate. The quick filling time demonstrated 

by data in Section IV was essential for an accurate estimation 

of the initial reaction rate.  

Fig. 5(c) presents the calculated initial reaction rate versus the 

plasma choline concentration. For each data point, data is 

presented as average and standard deviation over three repeats.  

Experimental data showed a linear behavior (R2 ≥ 0.97). 

Relevant metrics illustrated in Table III were quantified using 

data in Fig. 5(c).  The analytical sensitivity was quantified as 

the slope of the linear calibration curve. The precision of the 

platform was estimated to be 17.7% and was calculated as the 

average standard deviations of the measures. The resolution 

and the LOD were measured using the International Union of 

Pure and Applied Chemistry (IUPAC) definition [42] and 

were found to be 1.6 µM and 3.2 µM, respectively. For the 

example we present, choline in human plasma, the 

physiological range is 7 – 20 µM [23], which is sufficiently 

greater than the LOD to be readily measurable. 

The microsystem can quantify choline with concentrations up 

to one thousand times smaller than those of glucose, 

cholesterol, and lactate in blood. Even so, operating at this 

level, the precision of this platform is comparable to the 

precision of commercial glucose meters ranging from 15% to 

20% [43]. The test time (5 min) and sample volume (15 µl) 

are also similar to other commercial POC devices measuring 

cholesterol [44] or lactate [45].  

VI. CONCLUSIONS 

We demonstrate a fast, low cost and readily implemented 

multi-channel CMOS-based metabolite sensor. A novel and 

mass-manufacturable method for packaging and 

monolithically integrating microfluidics at reasonable cost 

with integrated circuits for use in POC applications was 

developed. The results were achieved using a novel double-

moulding approach to manufacture. 

The physical characteristics of the fabricated fluidics were 

characterised, including the channel profile, mechanical 

strength, optical spectra, and fluid flow in order to verify fast 

and accurate assay capability. A proof-of-concept device 

integrated four passive microchannels on top of a CMOS 

optical sensor array, enabling multiple measurement channels 

to be made. When used to measure choline, which is only 

present in small concentrations in human blood, the LOD was 

found to be 3.2 µM, delivering a considerable improvement on 

existing technology, and making POC measurement of 

metabolites such as choline routinely possible. 

The technique is highly versatile and can be used to integrate 

custom fluidic structures for a range of fluidics-on-integrated 

circuit applications, including fluidics on CCD cameras. 

More-than-Moore applications for CMOS technology create 

new opportunities to further reduce the detection limits of 
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POC systems and increase the number of biomarker 

measurable in a single test. Future opportunities lie in wireless 

healthcare technology to deliver disposable cartridges 

measuring multiple biomarkers for early detection of multiple 

diseases in minutes from a single drop of blood on a handheld 

device.  
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