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Abstract: Mood disorders are common mental diseases, but physiological diagnostic
methods are still lacking. Since much evidence has implied a relationship between mood
disorders and the protein composition of blood sera, it is conceivable to develop a
serological criterion for assisting diagnosis of mood disorders, based on a correlative
database with enough capacity and high quality. In this pilot study, a low-cost microfluidic
microarray device for quantifying at most 384 serological biomarkers at the same time was
designed for the data acquisition of the serological study. The 1,536-chamber microfluidic
device was modeled on a 1,536-well microtiter plate in order to employ a common
microplate reader as the detection module for measuring the chemiluminescent
immunoassay tests on the chips. The microfluidic microarrays were rapidly fabricated on
polymethylmethacrylate slides using carbon dioxide laser ablation, followed by effective
surface treatment processing. Sixteen types of different capture antibodies were immobilized
on the chips to test the corresponding hormones and cytokines. The preliminary tests
indicated that the signal-to-noise ratio and the limit of detection of microfluidic
microarrays have reached the level of standard ELISA tests, whereas the operation time of
microfluidic microarrays was sharply reduced.
Keywords: microfluidic microarray; lab on a chip; chemiluminescent immunoassay;
carbon dioxide laser ablation; mood disorder
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1. Introduction
Previous studies have shown that mood disorders are related to changes in the profile of signaling
molecules in blood [1,2]. Steiner et al. proposed a biological susceptibility hypothesis to account
for gender differences in the prevalence of mood disorders, based on the idea that there is a disturbance
in the interaction between the hypothalamic-pituitary-gonadal axis and other neuromodulators in
women [3]. According to this hypothesis, the neuroendocrine rhythmicity related to female
reproduction is not only vulnerable to change, but also sensitive to psychosocial, environmental and
physiological factors [3]. In the light of the explosion in psychiatric neuroscience research in the past
decade, some consensus regarding significant problems in neuropsychopharmacology has been
reached [4,5]. For unipolar and bipolar disorder, however, there have been very few significant
innovations and no genuine breakthrough drugs in the past two decades [5,6]. The primary focus of
past and current research into mood disorders has been the biology and neural circuitry most relevant
to the monoaminergic systems, i.e., serotonin, norepinephrine (NE) and dopamine [6–8].
As an integral part of the stress response system of organisms, NE serves as an essential
neurotransmitter that regulates arousal and adapts to environmental and internal stressors [7]. The
central NE system is closely related to common mental diseases, such as anxiety, depression and panic
disorders [7,9,10]. According to the past studies, the NE system participates directly in the
development of anxiety and depression [7]. For example, stress is first applied in the nervous system
and then affects the endocrine system. The acute stress response is illustrated by stressors activating
the hypothalamic-pituitary-adrenal axis and the LC-NE pathways, which results in the release of stress
hormones from the paraventricular nucleus and dorsomedial hypothalamus [7]. Although it is known
that the central NE system interacts with the hypothalamic-pituitary-adrenal system to influence mood
disorders, the underlying neurobiological mechanisms involved are still not well understood [7,11,12].
Consequently, it is generally believed that there is a mapping relationship between the profile of
signaling molecules in blood and mood disorders.
Blood testing is the most common examination performed in hospitals. The number of detection
items in a single blood test typically ranges from several to tens. There are around four hundred types
signaling molecules in the blood stream known at present, whereas the common referenced ones in a
hospital are less than fifty. Although they are only minority components of blood, their functions are
more crucial than those of others. Low-throughput antibody microarrays based on immunoassay
reliably acquire signal-molecule-profiling (SMP) data from sera samples (e.g., Human Cytokine
Microarray; Allied Biotech, Inc©, Ijamsville, MD, USA). The detection limit of on-chip
immunoassays, combined with proper equipment, has been able to cover the needs of SMP data
acquisition. However, present protein microarrays are too expensive to be practical tools to quantify
hormones and cytokines. The protein microarrays have been highly developed for more than
10 years [13], but they still present some disadvantages. First, the present microarrays are often built
on a flat glass slide or matrix-based material. The reaction interface on the slide might be easily
smeared when manipulated carelessly. Second, due to the slow speed of molecular diffusion, complete
bio-hybridization assays usually require several hours, or even one day. Lastly, the flat structures of
microarrays might result in overlapped signals between amplification reactions of adjacent spots.
Wang et al. reported a CD-like microfluidic microarray device for the rapid discrimination of fungal
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pathogenic DNA, but it is hardly compatible with common devices used for previous microarray
chips [14]. The demand of the serological study calls for low-cost ultrasensitive tools. In this study, a
microfluidic microarray with three-dimensional microfluidic structures was developed, which resolves
the shortcomings of previous microarrays and could employ the research and development (R&D)
systems developed for common microarrays, such as Flexible Annotation and Correlation Tool [15]
and AD1500 R&D System (Biodot©, Irvine, CA, USA). The reactive interfaces are located inside
chambers, allowing the three-dimensional structures to protect the crucial surfaces, but the chamber
arrays are distributed in a flat chip, similar to ordinary microarray chips. The narrow space in reaction
chambers can limit the diffusion distance such that the efficiency of bio-hybridization could be
enhanced and the total operation time may be shortened in theory. Moreover, isolated chambers offer a
wide selection of amplification reactions, such as immuno-PCR, immuno-NASBA and chemi-luminescent
immunoassay (CLIA) etc., which are all highly ultrasensitive detection methods characterized by
femtomolar sensitivity and high specificity [16–18]. Here, the mature method CLIA was selected for
the microfluidic microarray chips.
The serological tests on a microfluidic microarray chip can be regarded as an extended blood
examination that aims to measure hundreds of the most important biomarkers in the blood, i.e.,
cytokines and hormones. Given that the results of microarray tests can cover the common information
of regular blood tests, partial results of microarray tests can be accepted by doctors theoretically.
Furthermore, these records are good resources for data mining in the field of translational
bioinformatics. The hidden information in a serological profile will be used to evaluate the physical
conditions of individual patients in the future. The database generated by the low-cost microarrays is
both an excellent resource for scientists and a compatible tool for doctors in hospitals. In fact, there is
no mathematical challenge to develop some serological criteria for assisting diagnosis for mood
disorders, as long as a qualified serological database of patients with mood disorders could be
established. The low-cost tool for data acquisition is the key to the serological study, which is the focus
of this work.
2. Experimental Section
2.1. Chip Design
Low-cost materials and fabrication methods were employed to reduce the fabrication cost.
Polymethylmethacrylate (PMMA), a common bio-compatible material, was selected to make the
microfluidic devices. Besides, PMMA is suitable for both low-cost fabrication methods, i.e., carbon
dioxide laser ablation in the R&D stage and injection molding in the next stage of mass production.
Since the number of detection targets, hormones and cytokines are no more than 400, the structure of
high-density microarray is not necessary in this case. Therefore, the 1,536-chamber microfluidic
microarray chip called ―SMP chip‖ was designed (Figure 1). It can standardize the simultaneous
detection of at most 384 types of signaling molecules in one blood sample, while every detection item
takes three parallel measures. Similar to the previous immuno-NASBA chips, the SMP chip has the
same dimensions as the 1,536-well microtiter plate, thus making the SMP chip readable in a microplate
reader [16,19].
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Figure 1. Chip layout of 1536-chamber microfluidic microarray (Top) Inlet and outlet
ports, chambers, and the calibration area of 1536-chamber chip were diagramed in the
middle. (Bottom right) The detection principle of sandwich-type CLIA was shown at the
bottom right corner. (Bottom left) A photo of the chip prototype was shown at the bottom
left corner.

The SMP chip can be considered a low-throughput protein microarray with a 3D structure. The
reaction interface inside the chambers is protected by a stereo structure, and the narrow space of the
chambers can enhance the efficiency of the immunoassay. In consideration of the chosen material and
method for fabrication, the cost of SMP chips did not increase significantly compared with that of a
planar microarray. Moreover, the compatibility of the SMP chip brings multiple choices of detection
modules. The detection module here was a microplate reader in a common biological laboratory,
whereas the specific chip reader in the future could be easily updated from that classic machine. The
current instruments for handling ordinary microtiter plates could also turn into instruments for the
surface treatment of SMP chips. Thus, the difficulties in R&D of the SMP chip and its detecting
system could be reduced.
In the SMP chip, the area of 384 chambers was preserved for calibration tests, while 1,152 chambers
were left for monitoring 384 kinds of targeted molecules in one serum sample. The SMP chip,
127.8 mm in length, 85.5 mm in width and 2 mm in height, was fabricated in a laminated PMMA slide
on the carbon dioxide laser engraving machine (Feilijia® H4030, Liaocheng, China) [20]. Every
chamber is around 1.1 mm in length, 1 mm in width and 0.4 mm in depth, which volume is about
4.4 × 10−1 m3. The sensing capability of the chip depends on the quality of surface treatment and the
performance of CLIA system.
2.2. Surface Treatment on PMMA
After the SMP chip was made by carbon dioxide laser ablation, its PMMA surface in chambers
were rather rough and often covered by powders, as shown in Figure 2. The surface roughness in every
chamber should be decreased before capture antibodies are immobilized. The surfaces of PMMA
prototypes were rinsed with acetone in order to remove adhered powders. After the evaporation of the
acetone, the PMMA prototypes were incubated in an ultrasonic water bath (about 60 °C) for half an
hour. The post-exposure heat treatment might partially melt the PMMA surface with the help of
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ultrasonic energy, and thus form a smoother surface instead. After that, the PMMA surface was
modified by oxygen plasma treatment. Commercially available oxygen was released into the discharge
chamber. After the oxygen plasma was created, the primary prototypes were exposed in the plasma for
10 s. Then, capture antibodies were chemically coupled onto the PMMA surface by the use of EDC
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) reagent (ShenYuan ChemPharm®, Xiao Gan,
China) [21]. The solution for chemical coupling was composed of 70 µL of 2-(N-morpholino)
ethanesulfonic acid buffer (MES, Li Tian Sci. &Tech®, Wuhan, China), 10 µL of EDC reagent, 2 µL
capture antibody stock solution (0.4 mg/mL) and 2 µL bovine serum albumin (BSA) solution
(2 mg/mL, Li Tian Sci.&Tech®). Each mixed solution was manually added into the corresponding
chambers by a 2 µL pipette with the help of a printed grid under the PMMA chip. The corresponding
location of chambers on the printed grid was marked by different colors for operators to target the
location of different antibodies. The loaded solution in PMMA chambers would incubate for about 2 h.
Figure 2. The flow diagram of surface modification processing on the microfluidic microarray.

After that, the chambers were washed by phosphate buffered saline (PBS) solution, and coated by
SuperBlock® (PBS) blocking buffer (Thermo Scientific®, Rockford, IL, USA) for 12 h. Transparent
sealing tape (Biovendis®, Mannheim, Germany) was used as the cover layer on the treated PMMA
layer. Complete microfluidic microarrays were stored at 4 °C before use. The relevant holes for the
inlet, outlet and air bleeder have been ablated through the PMMA layer by laser before the surface
treatment process. The capability of the SMP chip was not completely exploited at the pilot stage. To
demonstrate the function of microfluidic microarray chip, 16 types of different monoclonal antibodies
were immobilized on the chip to measure 16 types of signaling molecule targets, including
thyroid-stimulating hormone (TSH), tumor necrosis factor-alpha (TNF-α), cortisol, follicle-stimulating
hormone (FSH), luteinizing hormone (LH), human chorionic gonadotropin (HCG), erythropoietin
(EPO), gonadotropin-releasing hormone (GnRH), interferon-gamma (IFNγ), insulin-like growth factor
1 (IGF-1), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), interleukin
(IL)-1 beta, IL-2, IL-6 and IL-8. These capture antibodies and respective standard samples of antigens
came from Li Tian Sci. &Tech Co. Ltd.
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2.3. Protocols of CLIA Tests on the Microfluidic Microarray
The sandwich-type CLIA was employed on the microfluidic microarray shown in Figure 1. The
immunoassay took place on the PMMA surface inside the reaction chamber. All reagents were
prepared using sterile deionized water. The surface of the reaction chambers were coated with capture
antibodies, while the blocking buffer covered the remaining residual absorptive sites. The parallel
reactions in 1,536 chambers of one chip are operated through an external valve and pump system,
which the typical protocol of the CLIA test is listed in Table 1. The total operation time was about
1/2 h. Since the microfluidic channels on the SMP chip are wide enough, 1 × 10−7 m3/s did not exceed
the capability of those channels. The high flow rate in Table 1 could result in a short operation time.
Besides, the minimum volume of samples for a typical SMP test is about 1 mL.
Table 1. The typical protocol of on-chip CLIA tests using the microfluidic microarray device.
Steps
1. Rinse chambers

2. Loading sample

3. Incubation
4. Rinsing chambers
5. Loading detector
antibodies
6. Incubation
7. Rinsing chambers
8. Loading substrate

9. Measuring R.L.U. in
a microplate reader

Description (Room Temperature = 300 K)
Successively rinse the channels and chambers
of the SMP chip by PBST (Phosphate
Buffered Saline with 0.05% Tween®-20) and
PBS by syringe pumps
Load a standard solution into the inlet of
calibration area; load the serum sample at the
same time into the main inlet
Incubate the SMP chip at room temperature
for 10 min
Repeat Step 1
Load the solution containing detector
antiserum-HRP conjugates
Incubate the SMP chip at room temperature
for 5 min
Repeat Step 1
Load the working solution of SuperSignal®
ELISA Femto Maximum Sensitivity
Substrate(Thermo Scientific®, Rockford, IL,
USA)
Move the chip into a microplate reader
quickly, and read relative luminescence units
(R.L.U.) of every chamber in 5 min

Parameters
Flow rate: 1 × 10−7 m3/s
Duration: 30 s per solution

Flow rate: 1 × 10−7 m3/s
Duration: 10 s
Flow rate: 0 m3/s
Duration: 600 s
Flow rate: 1 × 10−7 m3/s
Duration: 30 s per solution
Flow rate: 1 × 10−7 m3/s
Duration: 10 s
Flow rate: 0 m3/s
Duration: 300 s
Flow rate: 1 × 10−7 m3/s
Duration: 30 s per solution
Flow rate: 1 × 10−7 m3/s
Duration: 10 s

Duration: 300 s

Total operating time: 1,450 s
(approx.)

After initial washing, the chambers were incubated with sample solutions. As described above,
384 chambers, 1/4 area of the microfluidic microarray were designed for calibration tests. One kind of
standard solution with known artificial antigens was loaded into these calibration chambers,
meanwhile, the sample solution was loaded into the other 1,152 chambers through the main inlet. The
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next steps for all chambers in one chip were synchronized. After every kind of target biomarker was
captured in the respective chamber, unbound molecules would be washed away by PBST and PBS
solutions. Then, the chambers were filled by the solution of detector antiserum-HRP conjugates,
which antiserum was obtained from immune mice via traditional methods. After incubation, the
sandwich-type immune complexes would be formed on the PMMA surface. Finally, the working
solution of SuperSignal® ELISA femto maximum sensitivity substrate (Thermo Scientific®, Rockford,
IL, USA) was introduced into the chambers within 10 seconds. When the SMP chip was disassembled
from the external valve and pump system, it would be quickly moved into a ready microplate reader
that had been preheated to 300 K. The chemiluminescent data of all chambers would be read in 5 min.
TNF-α was employed as a model to test the calibration tolerance of the SMP chip. Five standard
solutions of TNF-α were serially diluted in PBS with 5% BSA, and then quantified using the SMP
chips. The relative luminescence units (R.L.U.) data of chambers were collected by the microplate
reader and analyzed using Microsoft Excel® and OriginPro®. 42 clinical serum samples of Chinese
women were provided by our medical partner. These clinical samples were measured by the SMP
chips, and they were also tested by the medical partner through traditional ELISA methods. The testing
results were shared and compared in OriginPro®. Moreover, several roughcast SMP chips were also
made by laser ablation and then immobilized with capture antibodies through physical adsorption. The
batch of roughcast SMP chips and the complete SMP chips were both examined using a standard
solution of TNF-α and one clinical serum sample, in order to evaluate the effectiveness of surface
treatment steps.
3. Results and Discussion
3.1. Calibration Tests for Artificial Samples
Five kinds of TNF-α standard solutions were tested on the SMP chips, which concentrations were
1 × 10−14, 5 × 10−14, 2.5 × 10−13, 1.25 × 10−12 and 6.25 × 10−12 mol∙L−1. The blank control was only 5%
BSA in PBS solution. Through the standard operating procedures in Table 1, the R.L.U. data of SMP
chips were measured and diagrammed as Figure 3a, in which a typical linear calibration curve was
demonstrated. When the concentrations of TNF-α are over 5 × 10−14 mol∙L−1, it can be precisely
quantified. The standard solution of 1 × 10−14 mol∙L−1 only show a weak positive signal, close to
the blank control, which indicated that the limit of detection (LOD) of the SMP chip is around
1 × 10−14 mol∙L−1. This LOD has reached the typical detectability of a common ELISA test, which had
been verified by manual CLIA tests. The standard curves for the other 15 cytokines and hormones
were made by the same method as the experiments of TNF-α.
3.2. Validation of the SMP Chips Using Clinical Samples
Normalized measurement of on-chip CLIA tests could provide comparative data as the traditional
ELISA methods. The typical comparison plots of two hormones from both SMP chip testing and
ELISA are shown in Figure 3b,c. FSH and LH in 42 clinical samples were measured. The 1:10
dilutions of clinical samples with PBS were always made before loading.
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Figure 3. Quantitative detection assays on the microfluidic microarrays. (a) The
calibration curve of TNF-α; (b) Comparison plot for FSH concentration of 42 clinical
samples by using both the SMP chips and traditional ELISA method; (c) Comparison plot
for the concentrations of LH measured in 42 clinical samples using both the SMP chips and
traditional ELISA method; (d) Comparison of the R.L.U. value in the CLIA tests for
TNF-α. Three kinds of SMP chips, the complete SMP chips, the semi-manufactured SMP
chips and the roughcast chips without surface treatment, were employed. The standard
solution here was the TNF-α solution of 1.25 × 10−12 mol∙L−1; the concentration of TNF-α
in the clinical sample here was about 1.07 × 10−12 mol∙L−1; (e) All correlation coefficient
factors of 16 comparison plots for corresponding biomarkers in the 42 clinical samples by
using both the SMP chips and traditional ELISA method.

Although it is not necessary to dilute the samples, the step of dilution could reduce the blood
volume required for each SMP test and standardize the pH of sample solutions for antibody-based
assays. The robust capability of CLIA detection often covers the concentration range of 5 or 6 orders
of magnitude [22,23], so the dilution ratio of 1:10 will not hinder the measurement for most
physiological or pathological concentrations of cytokines and hormones in human blood. However, the
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dilution factor should be fixed in advance because the optimization of surface treatment and standard
protocols of the SMP chips is related to that factor.
From the results in Figure 3, we found the differences of both results were extremely small, which
implied that the correctness and precision of the SMP chip was verified as good as traditional ELISA
tests. The comparison plots of other 14 hormones were similar to Figure 3b,c, whereas their correlation
coefficient factors of plots were varied. All 16 kinds of on-chip measuring systems for 16 hormones
and cytokines showed similar capability of quantifying biomarkers as common ELISA systems
(Figure 3e). Most correlation coefficient factors between measuring results from two methods were
over 0.99, whereas the correlation coefficient factors for comparison plots of Cortisol and GnRH tests
were obviously lower than others. Based on our experience, this result might be caused by the lower
quality of capture antibodies or the instability of the target antigens. The quality of capture antibodies
is always the critical factor to the precision of an immune-detection system.
3.3. Evaluation of Surface Treatment Processing
The surface treatment processes for the SMP chip were more complex than previous 6-channel
microtiter chips, which were also made of PMMA [16]. The surfaces of PMMA chambers after the
ultrasonic heat treatment were examined by using a microscope and a surface profile gauge. It was
verified that the treatment was able to make the surfaces of the PMMA chamber smoother. Even the
transparency of the micro-structures on PMMA chips can be improved. The purpose of this treatment
is to standardize the area of surfaces in chambers, while the uniform chambers could decrease the
background noise of the measurement. On the other hand, the consecutive processes, i.e., oxygen
plasma and chemical coupling aimed to increase the density of capture antibodies on the chamber
surfaces so as to enhance the signal of CLIA tests in chambers. Fortunately, the chemical coupling
process will not increase nonspecific adsorption greatly. Therefore, the signal-to-noise ratio (SNR)
could be increased. Both processes of ultrasonic heat treatment and chemical coupling contribute
towards the improvement of SNR. However, these processes cannot replace each other due to their
distinct principles. Briefly, the ultrasonic heat treatment is to reduce the difference in parallel chambers,
whereas the chemical coupling aims to directly improve SNR of CLIA tests in every chamber.
To evaluate the effectiveness of surface treatment steps, the roughcast SMP chips without surface
treatment were specially prepared for the comparison tests. Besides, the semi-manufactured SMP chips
without ultrasonic heat treatment but with chemical coupling were also made for the same purpose.
Three samples were tested on all three kinds of chips, which results were shown in Figure 3d. For the
blank control, no significant difference was found between the results from three kinds of chips.
However, the R.L.U. signals in the complete SMP chips were much higher than those in the roughcast
chips, when the artificial solution of TNF-α and the clinical sample were employed. The results of
semi-manufactured SMP chips were similar to those of the complete SMP chips, but the mean and
variance of the former results were obviously lager than the latter ones. In addition, a few SMP chips
only treated by ultrasonic heat treatment were also tested, which results were as similar as the
roughcast SMP chips. Therefore, the chemical coupling seems to be more important than ultrasonic
heat treatment, but the latter step could improve the precision of measurement. The signal-to-noise
ratio (SNR) of the complete SMP chips was higher than that of the chips without surface treatment. It
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seems that more capture antibodies were immobilized on the PMMA surface through the method of
chemical adsorption than only using physical adsorption. The common ELISA tests often employ
physical adsorption methods to immobilize proteins. Although the steps of oxygen plasma and
chemical coupling were time-consuming, the surface modification processing could improve the SNR
of the PMMA chips to the similar level as traditional ELISA methods. Otherwise, the shortcoming of
laser ablation method often results in low sensitivity of the prototype chips.
3.4. Discussion on the Low-Cost Fabrication Method
As a low-cost microfluidic device, the tolerances of low-cost fabrication methods have no
comparability with precision machining technologies [24], such as bulk silicon micromachining
technique on the microfluidic systems developed in Høgskolen i Vestfold® [25–27]. One compromise
strategy is to enlarge the chip size, considering cheap materials are often employed. However, the
methods of surface treatment have to be designed carefully, because the accuracy of on-chip
measurement is nearly determined by the surface of chambers. Without precise ability of detection, the
low-cost microfluidic chips will be worthless. The method of carbon dioxide laser ablation is popular
in the fabrication of low-cost microfluidic devices; however, the coarse surface formed by laser
ablation usually limits its application [28]. In this study, series of surface treatment processes were
selected and performed after laser writing, which could partially remedy some defects on the PMMA
surface. Because of the surface treatment process, the 1536-chamber microfluidic device has enough
sensitivity and good precision in the following tests. The compatibility of SMP chips to common
microplate readers would also help users to easily accept the SMP chips as blood-test tools. Although
16 capture antibodies could be handled manually in this study, 384 kinds of different capture
antibodies in the future were impossible to be handled manually in the surface treatment of SMP chips.
Some existing robot systems for common microarray chips will be employed to distribute different
antibodies into corresponding chambers. The compatibility of the SMP chip is not only limited to its
detection module, but also to the existing instruments for its surface treatment.
The SMP chip has 1,536 chambers, but the chambers are separated into two sections for two
solutions. One is designed for testing a serum sample, the other section is left for the test of a standard
solution, which is called as ―calibration area‖ in Figure 1. Apparently, a single SMP chip could not
obtain enough data for a calibration curve. This might be a shortcoming of the SMP chip, but the
problem should disappear when the SMP chips become widely used. If more than 16 serum samples
are tested, 16 SMP chips would allow 16 parallel calibration tests using different standard solutions.
Thus, the batch of standard SMP chips can share one collective calibration curve, which is also
regarded as a low-cost way to obtain a standard curve. In fact, any single microarray chip is not
insufficient to measure a sample as well. Usually, a series of standard solutions for calibration curves
have to be previously measured by additional microarray chips. Due to different oriented users, the
SMP chips were designed for the large-scale routine testing in hospitals, instead of a small-range
scientific study. The data for standard curves could be accumulated in pace with the SMP-chip tests for
patients, which number would easily exceed the minimum amount of SMP chips to obtain a batch of
calibration curves. Furthermore, the more patients use the SMP chips, the more data will be collected
for the correction of standard curves, which lead to better reliability of the measurement. If the SMP

Sensors 2013, 13

14580

chips have to be employed in a small-scale test, some additional SMP chips with all 1,536 chambers
could be used to make standard curves, resembling other microarray chips.
4. Conclusions/Outlook
The SMP chip was specially designed for the data collection of a mood-disorders-related
serological database. The chip was required to be cheap but precise enough, which has been
preliminarily validated by the study. Being a typical device of a database-oriented lab-on-a-chip, the
microfluidic microarray was fabricated by low-cost processing methods, but its ability of detection was
as good as ordinary ELISA methods. In the future, such database-oriented lab-on-chip devices might
grow into a new branch in the microsystems research field. Compared with the study for MicroTAS
systems [29], which try to make the microdevices more and more complex [30], the database-oriented
lab-on-chips will be simpler and simpler with the essential precondition of qualified detection
capability, so as to reduce the cost of data acquisition in the medical investigation. This study built a
model for other database-oriented lab-on-a-chip devices.
The serological-markers-based diagnosis on mood disorders is a magnificent challenge that
resembles the Human genome project. The diagnosis method is feasible; however a qualified database
has to be established initially. In the past decades, many doctors and scientists tried to find out the
diagnosis relationship by using limited clinical trials, but unfortunately, no breakthrough was made. It
is widely believed that that relationship might be rather complex, which only biometricians or
mathematicians were able to describe it with an accurate format. Before the breakthrough, the
scientists have to develop a low-cost tool for widely collecting human serological information, and
then accumulate a large-scale database for biometricians and mathematicians. The whole project will
be a systematic engineering with interdisciplinary cooperation.
Acknowledgments
The Research Council of Norway is acknowledged for the support to the Norwegian Micro- and
Nano-Fabrication Facility, NorFab (197411/V30). This article is also supported by Norsk regional
kvalifiseringsstøtte fra Oslofjorfondet (Et cellebasert digitalt mikrofluidisk system, Prosjekt No.:
220635; High-throughput photo-detector array, Prosjekt No.: 229857) and Norwegian long term
support from NorFab (Living-Cell-based LOC project). The research activities were assisted by Ziyang
Maternal &Child Health Hospital (Yiyang, China), Nanjing University of Science and Technology
(Nanjing, China), Hubei University (Wuhan, China) and Xiamen University (Xiamen, China). The
author would like to specially acknowledge Per Henriksen of Aqua Unique Norge™ AS (Norway) for
his constructive opinions in the technical discussions.
Conflicts of Interest
The authors declare no conflict of interest.

Sensors 2013, 13

14581

References
1.
2.
3.
4.

5.
6.
7.

8.
9.

10.
11.
12.
13.
14.
15.

16.

17.

Eyre, H.; Baune, B.T. Neuroplastic changes in depression: A role for the immune system.
Psychoneuroendocrinology 2012, 37, 1397–1416.
Hendrick, V.; Altshuler, L.L.; Suri, R. Hormonal changes in the postpartum and implications for
postpartum depression. Psychosomatics 1998, 39, 93–101.
Steiner, M.; Dunn, E.; Born, L. Hormones and mood: From menarche to menopause and beyond.
J. Affect Disord. 2003, 74, 67–83.
Agid, Y.; Buzsaki, G.; Diamond, D.M.; Frackowiak, R.; Giedd, J.; Girault, J.A.; Grace, A.;
Lambert, J.J.; Manji, H.; Mayberg, H.; et al. How can drug discovery for psychiatric disorders be
improved? Nat. Rev. Drug Discov. 2007, 6, 189–201.
Mathew, S.J.; Manji, H.K.; Charney, D.S. Novel drugs and therapeutic targets for severe mood
disorders. Neuropsychopharmacology 2008, 33, 2080–2092.
Spedding, M.; Jay, T.; Costa e Silva, J.; Perret, L. A pathophysiological paradigm for the therapy
of psychiatric disease. Nat. Rev. Drug Discov. 2005, 4, 467–476.
Goddard, A.W.; Ball, S.G.; Martinez, J.; Robinson, M.J.; Yang, C.R.; Russell, J.M.; Shekhar, A.
Current perspectives of the roles of the central norepinephrine system in anxiety and depression.
Depress. Anxiety 2010, 27, 339–350.
Mann, J.J. The medical management of depression. N Engl. J. Med. 2005, 353, 1819–1834.
Cameron, O.G.; Abelson, J.L.; Young, E.A. Anxious and depressive disorders and their
comorbidity: Effect on central nervous system noradrenergic function. Biol. Psychiat. 2004, 56,
875–883.
Goddard, A.W.; Charney, D.S. Toward an integrated neurobiology of panic disorder. J. Clin.
Psychiatry 1997, 58, 4–12.
Cameron, O.G. Anxious-depressive comorbidity: Effects on HPA axis and CNS noradrenergic
functions. Essent. Psychopharmacol. 2006, 7, 24–34.
Young, E.A.; Abelson, J.L.; Cameron, O.G. Interaction of brain noradrenergic system and the
hypothalamic-pituitary-adrenal (HPA) axis in man. Psychoneuroendocrinology 2005, 30, 807–814.
Templin, M.F.; Stoll, D.; Schrenk, M.; Traub, P.C.; Vohringer, C.F.; Joos, T.O. Protein
microarray technology. Trends Biotechnol. 2002, 20, 160–166.
Wang, L.; Li, P.C. Optimization of a microfluidic microarray device for the fast discrimination of
fungal pathogenic DNA. Anal. Biochem. 2010, 400, 282–288.
Kokocinski, F.; Delhomme, N.; Wrobel, G.; Hummerich, L.; Toedt, G.; Lichter, P. FACT—A
framework for the functional interpretation of high-throughput experiments. BMC Bioinforma.
2005, 6, doi:10.1186/1471-2105-6-161.
Zhao, X.; Dong, T.; Yang, Z.; Pires, N.; Hoivik, N. Compatible immuno-NASBA LOC device for
quantitative detection of waterborne pathogens: design and validation. Lab Chip 2012, 12,
602–612.
Niemeyer, C.M.; Adler, M.; Wacker, R. Detecting antigens by quantitative immuno-PCR. Nat.
Protoc. 2007, 2, 1918–1930.

Sensors 2013, 13

14582

18. Pires, N.M.; Dong, T.; Hanke, U.; Hoivik, N. Integrated optical microfluidic biosensor using a
polycarbazole photodetector for point-of-care detection of hormonal compounds. J. Biomed. Opt.
2013, 18, doi:10.1117/1.JBO.18.9.097001.
19. Zhao, X.; Dong, T. Multifunctional sample preparation kit and on-chip quantitative nucleic acid
sequence-based amplification tests for microbial detection. Anal. Chem. 2012, 84, 8541–8548.
20. Chen, C.Y.; Chang, C.L.; Chang, C.W.; Lai, S.C.; Chien, T.F.; Huang, H.Y.; Chiou, J.C.; Luo, C.H.
A low-power bio-potential acquisition system with flexible PDMS dry electrodes for portable
ubiquitous healthcare applications. Sensors 2013, 13, 3077–3091.
21. Vesel, A.; Elersic, K.; Mozetic, M. Immobilization of protein streptavidin to the surface of
PMMA polymer. Vacuum 2012, 86, 773–775.
22. Díaz, A.N.; Sánchez, F.G.; Baro, E.N.; Díaz, A.F.G.; Aguilar, A.; Algarra, M. Sensitive
chemiluminescent immunoassay of triclopyr by digital image analysis. Talanta 2012, 97, 42–47.
23. Ma, X.L.; Li, H.H.; Wu, M.; Sun, C.; Li, L.F.; Yang, X.D. Flow Injection Chemiluminescent
Immunoassay for Carcinoembryonic Antigen Using Boronic Immunoaffinity Column. Sensors
2009, 9, 10389–10399.
24. Dong, T.; Su, Q.H.; Yang, Z.C.; Zhang, Y.L.; Egeland, E.B.; Gu, D.D.; Calabrese, P.;
Kapiris, M.J.; Karlsen, F.; Minh, N.T.; et al. A smart fully integrated micromachined separator
with soft magnetic micro-pillar arrays for cell isolation. J. Micromech. Microeng. 2010, 20,
doi:10.1088/0960-1317/20/11/115021.
25. Tran-Minh, N.; Dong, T.; Su, Q.H.; Yang, Z.C.; Jakobsen, H.; Karlsen, F. Design and
optimization of non-clogging counter-flow microconcentrator for enriching epidermoid cervical
carcinoma cells. Biomed. Microdevices 2011, 13, 179–190.
26. Dong, T.; Yang, Z.C.; Su, Q.H.; Nhut, M.T.; Egeland, E.B.; Karlsen, F.; Zhang, Y.L.;
Kapiris, M.J.; Jakobsen, H. Integratable non-clogging microconcentrator based on counter-flow
principle for continuous enrichment of CaSki cells sample. Microfluid. Nanofluid. 2011, 10,
855–865.
27. Zhang, L.; Dong, T. A Si/SiGe quantum well based biosensor for direct analysis of exothermic
biochemical reaction. J. Micromech. Microeng. 2013, 23, doi:10.1088/0960-1317/23/4/045011.
28. Becker, H.; Gartner, C. Polymer microfabrication technologies for microfluidic systems. Anal.
Bioanal. Chem. 2008, 390, 89–111.
29. Kovarik, M.L.; Gach, P.C.; Ornoff, D.M.; Wang, Y.; Balowski, J.; Farrag, L.; Allbritton, N.L.
Micro total analysis systems for cell biology and biochemical assays. Anal. Chem. 2012, 84,
516–540.
30. Pires, N.M. M.; Dong, T.; Yang, Z.C.; Hoivik, N.; Zhao, X.Y. A mediator embedded
micro-immunosensing unit for electrochemical detection on viruses within physiological saline
media. J. Micromech. Microeng. 2011, 21, doi:10.1088/0960-1317/21/11/115031.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

