
sensors

Editorial

Recent Advancements towards
Full-System Microfluidics

Amine Miled 1 and Jesse Greener 2,* ID

1 Electrical and Computer Engineering Department, Faculty of Sciences and Engineering, Université Laval,
Quebec City, QC G1V 0A6, Canada; amine.miled@gel.ulaval.ca

2 Department of Chemistry, Faculty of Sciences and Engineering, Université Laval,
Quebec City, QC G1V 0A6, Canada

* Correspondence: jesse.greener@chm.ulaval.ca; Tel.: +1-418-656-2131

Received: 18 July 2017; Accepted: 22 July 2017; Published: 25 July 2017

Abstract: Microfluidics is quickly becoming a key technology in an expanding range of fields,
such as medical sciences, biosensing, bioactuation, chemical synthesis, and more. This is helping
its transformation from a promising R&D tool to commercially viable technology. Fuelling this
expansion is the intensified focus on automation and enhanced functionality through integration of
complex electrical control, mechanical properties, in situ sensing and flow control. Here we highlight
recent contributions to the Sensors Special Issue series called “Microfluidics-Based Microsystem
Integration Research” under the following categories: (i) Device fabrication to support complex
functionality; (ii) New methods for flow control and mixing; (iii) Towards routine analysis and point
of care applications; (iv) In situ characterization; and (v) Plug and play microfluidics.
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1. Introduction

Following the demonstration of the straightforward use of polydimethyl siloxane (PDMS) as
a casting material for fabrication of microfluidic devices against photolithography moulds, there has
been 20 years of intense work involving researchers from almost every scientific sub-domain [1–4].
During this time, the research community has learned how to take advantage of special liquid properties
in microfluidic channels, which include dominance of surface and interfacial tensions and capillary
forces as well as the lack of turbulence. These factors have enabled a number of new areas including
chemical and materials synthesis [5], diagnostics for low-resource or remote settings [6,7], rapid
processing and assaying biofluids [8], bioactuation [9], development of more physiologically relevant
in vitro models and drug discovery [10–13], and more. Past and future growth of new applications
and research relevance has been aided by strong focus on engineering and technical advancements.
Microfluidic R&D multidisciplinarity and the constant stream of new applications is a source of
inspiration for the community.

The transformation from an enabling R&D tool to commercially viable technology is rapidly
underway. Currently, microfluidics is poised to become a key technology for a wide range of
commercial and research technologies. Market analysis predicts sustained growth of nearly 20%
with the absolute size expected to reach nearly $10 B by 2021. Now that the basic rules have been
described and obvious applications have been addressed, an important new area for development is
toward complex functionality via integrated, system-level approaches. Successful technologies using
microfluidic elements have to be multifunctional, portable and easy to use. Fuelling this expansion is
the intensified focus on automation and enhanced functionality via complex electrical components
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with sensing and flow control elements into robust channels with arbitrary geometries. To this end, we
highlight recent contributions to the Sensors Special Issue called “Microfluidics-Based Microsystem
Integration Research” under the following categories: (i) Device fabrication to support complex
functionality; (ii) New methods for flow control and mixing devices; (iii) Towards routine analysis and
point of care applications; (iv) In situ characterization; and (v) Plug and play microfluidics.

2. Device Fabrication to Support Complex Functionality

Along with low-cost and speed, new fabrication methods are needed to enhance device versatility.
Today, most microfluidic research is still conducted using the popular elastomeric prototyping material
PDMS. However, moving toward more robust, commercializable devices, especially those for biological
work, will require different materials [14]. Thermoplastics are poised to accelerate next phase
microfluidic devices due to their range of application-selective material properties and bonding
methodologies. Related to the potential for supporting integrated systems, their physical robustness
enables the integration of embedded probes, sensors and valves as well as reliable world-to-chip fluidic
connections, all in a robust system that can operate for long times even under high pressures [15–18].
It can also solve the problem of PDMS permeability to small molecules, such as CO2 and O2. One
approach to prototyping 3D structures via templating techniques, such as embossing or injection
moulding, is to place emphasis on fabrication of low-cost templates with pre-designed features
according to application requirements [19]. In their contribution to this special issue, the Greener
and Kumacheva research groups teamed up with a Canadian microfluidic fabrication company,
FlowJEM, approach the problem from a different direction. Here they developed a new one-step
fabrication method for creating three-dimensional features in thermoplastic microchannels using
a photo-lithography based (2D) embossing stamp [20]. With a little-used variation to hot embossing,
called hot intrusion embossing, or partial embossing [21] they could create thermoplastic microfluidic
channels with integrated features with controllable dimensions. To showcase the approach as
a one-step step method for rapid fabrication of complex, robust, microfluidic platforms with integrated
multi-functional elements, a microfluidic device was fabricated with an integrated three-dimensional
mixer and a multi-focal length lens array. Other demonstrated in-channel features with controllable
dimensions included posts, microlenses, walls, steps, tapered features and three-dimensional
serpentine microchannels. The approach was applicable for a range of thermoplastics demonstrating
the potential for wide application.

The proper sealing of microfluidic systems is a crucial hurdle for thermoplastic devices [22]. This
is especially true for thermoplastic microfluidic systems with integrated electrodes due to the potential
for typically aggressive bonding conditions to affect their performance. To date, the most common
approaches include sealing via solvent bonding [23], laser welding [24], adhesive bonding [25], and
thermal bonding [26,27]. To date, research is actively underway to develop methods which are both
effective and compatible with current production standards. In the recent paper from the Matteucci
group, a rigorous comparison of sealing via ultrasonic welding and thermal bonding [28]. The authors
compared electrochemical performance following the bonding of injection moulded microfluidic chips
with embedded thin-film gold electrodes. The work showed that bonding by ultrasonic wielding
yielded chips with superior electrochemical performance compared to thermal bonding. In particular,
yield was near 100% and variation in charge transfer resistance and double layer capacitance was low.
The key to their success was low surface roughness during their injection moulding step [29], which
enabled the use of lower energies during bonding. The authors demonstrated the potential for their
approach to advance research, commercialization and education by mass-producing devices used by
non-experts to perform and reproduce results of electrochemical measurement of yeast redox activity
and the detection of dopamine as part of a summer school program.
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3. New Methods and Techniques for Flow Control and Mixing

A recent explosion in affordable 3D printing technologies is having an impressive impact in the
fabricated consumer product markets. With improved resolution, the microfluidic community has
begun to embrace the technology [30]. The Lo group contributed to this special issue with a paper
which used a high resolution variant of 3D printing, based on digital light processing (DLP) to fabricate
a Tesla turbine which has applications in both power generation and fluid flow [31]. The team’s goal
was to overcome the most important hurdle for the device’s real-world implementation—to maintain
laminar flow between rotor disks—by scaling to the microfluidic flow regime. Based on DLP-based 3D
printing resolution (approx. 40 µm laterally and 30 µm vertically), the resulting miniaturized Tesla
turbine pump was characterized by low Reynolds number pumping (Re = 1000) at a flow rate of up to
12.6 mL/min and 1200 rpm. The pump was demonstrated by driving a microfluidic mixer network
to generate microfluidic gradient. The miniaturized Tesla turbine pump has the potential to become
an essential element in microfluidic system-level platforms.

Among new materials and their uses in microfluidic devices, integrated nanofibres can achieve
interesting applications due to their high surface-areas and easy-to-functionalize surfaces. To date
they have been demonstrated effective filters, concentrators and scaffolds within microfluidic devices.
In this special issue, the Baeumner group demonstrated the use of electrospun PVA nanofibre mats to
achieve passive mixing within thermoplastic microfluidic systems [32]. It was shown that the degree
of mixing achieved in the downstream portion of Y-channels was most significant for fine nanofibres
(450–550 nm diameter). The mixing was comparable to, or better than many reported passive mixers.
The team notes that, in addition to mixing, the ability to functionalize nanofibers makes the approach
a promising multi-functionality component within lab-on-a-chip devices.

Martínez-López and co-workers demonstrate the low-cost microfabrication approach called
xurography—essentially a CNC knife plotter—as a rapid fabrication method for asymmetric split and
recombine micromixing devices [33]. The team demonstrated that the technique resulted in structures
with less than 8% absolute dimensional error. Numerical and experimental evaluation at the outlet
determined mixing of up to 40%. The paper presents an encouraging approach for further research
using xurography for micromixers as well as other functional elements in the future.

4. Towards Routine Analysis and Point of Care Applications

Building on their former work of creating nanostructured surfaces by induced folding
in shape-memory polymer shrinking surfaces [34] integrated into microfluidic devices [35],
the group of Moran-Mirabel demonstrated a benchtop fabrication method of a microfluidic
electrochemical cell sensor based on 3D gold and platinum electrodes [36]. The device was sensitive,
transparent and—importantly—flexible with shape memory. A key advancement was the PDMS to
PDMS-structured electrode bonding protocol to fabricate the µF chip was optimized and found to
have sufficient bond strength to withstand up to 100 mL/min flow rates. Using cyclic voltammetry
applied to the structured electrodes, the authors used the device to correlate reduced charge transfer
from a redox solution in the presence of murine 3T3 fibroblasts to detect as few as 24 cells. According
to the authors, the combination of easy, low-cost fabrication for the demonstrated LoC system brings
bedside point of care diagnostics and personalized medicine one step closer to being realized.

In addition to in situ electrical and electrochemical detection, embedded electrodes can also be
used for the manipulation of colloidal matter and biological samples. Dielectrophorisis, for example,
has been used in microchannels as a passive technique for sorting inert and biological particles, with
potential for use in point of care applications [37–39]. As Páez-Avilés and co-workers demonstrate
the combination of dielectrophoresis and impedance analysis in microfluidic format as a tool for
enhanced bacterial detection [40]. The combination of dielectrophoresis and impedance can reduces
measurement time and enhance sensitivity and selectivity, while microfluidics can help with simplicity
of use and automation. The authors also discuss hurdles to overcome for sufficient impact in areas
such as medicine, public health, agricultural, food control and environmental areas.
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Detection of cells and bacteria can also be conducted using optical methods, taking advantage
of transparency of microfluidic devices. Typical measurements of optical density are used to
monitor the growth rate of a suspended bacterial sample. However, this is not simple to do in
low-path length environments of microchannels [41]. The Jeon group recently reported a system, for
automated detection of bacteria using a camera that can observe blurring of a striped target pattern in
a microchannel as planktonic bacteria concentrations increase [42]. The approach yields quantifiable
results by using a fast Fourier transform conversion to observe a decrease in the high-frequency region
of the marker image. The method was applied for detection of different bacterial types and fluidic
device designs. The authors propose that the system can automate biological experiments, including
antibiotics susceptibility test or toxicity measurements as well as a component for point-of-care devices.
On the other hand, a paper from the Huang and co-workers demonstrates an approach for cell
counting in microfluidic cytometer without resolving power of expensive optics [43]. A lensless system
monitored peaks and valleys in overall light reaching a CMOS camera due to passing red blood
cells. The authors tested different machine learning algorithms yielding results that compared well to
commercial flow cytometers. The reduction in cost using a microfluidic approach has the potential to
enable cytometry as a point of care technology.

A serious drawback for traditional microfluidic systems is the need for experienced users and the
complexity of a typical setup, which includes tubing, valves and pumps. In their recent paper to this
special issue, the Guan group presented an efficient high-throughput drug screening platform capable
of quantitative combinatorial assays based on an arbitrarily accessible 3D microfluidic device [44].
The device featured automatic and simultaneous reagent loading and aliquoting tasks and performing
multistep assays with arbitrary sequences and freedom from regular fluid handling systems, making it
easy to operate; ideal for routine high-throughput drug screening outside traditional microfluidic labs.
The device was benchmarked against a traditional microtiter plate-based method and has the potential
for wide application in various combinatorial assays beyond high-throughput drug screening.

5. In Situ Characterization

Traditionally, most in situ characterisation in microchannels has been conducted by optical
microscopes. However, sustained expansion requires a more diverse range of techniques. Challenges
span the analytical and microfabrication domains, as sensitive sensors should become miniaturized
and integrated into the microchannel environment. Publications in this special issue address this need.

A novel microfluidic flow rate detection method based on surface plasmon resonance (SPR)
temperature imaging is proposed. Wang and co-workers use spatially-resolved SPR imaging of the flow
induced temperature variations as the basis for measurements of flow rates inside microchannels [45].
Using theoretical simulations and experimental analysis, the team demonstrated the proof of concept
and determined range of usability between tens to hundreds of µL/min. Thanks to the wide application
of SPR to bio-chemical microfluidic analysis the tool has the potential for multi-modal applications in
integrated micro analytical systems.

The use of microfluidics environmental sensors is on the rise. For example, detection and
quantification of industrial emissions is essential to protect workers and the environment close to
and within factories. In work contributed by Lim and co-workers, different flexible ring resonator
detectors were fabricated in microchanels for remote ethanol sensor applications. In the first, detectors
of periodic split-ring-cross resonators were fabricated by simple inkjet printing of silver nanoparticle
inks on paper [46]. The device’s performance was demonstrated by simulation and experiments,
with a linear shift in resonance frequency over a wide range of ethanol concentrations. In the
second, a complementary frequency-switchable split-ring resonator was shown to successfully detect
10% ethanol levels [47]. The third approach used a quarter mode substrate-integrated waveguide
with a liquid metal alloy band-pass filter, which extended their complementary split ring resonator
capabilities [48].



Sensors 2017, 17, 1707 5 of 7

6. Bringing It All Together: Plug and Play Microfluidics

Full-blown microfluidic systems are on the horizon. To date plug and play (modular) concept for
microfluidics has focused on fluidic connections [49–51] or reversibly integrated probes [18]. In this
special issue, the Miled group builds on their previously developed concept of microfluidic modules
for fluid actuation and electrode-based sensing and manipulations techniques via potentiometric,
capacitive measurements and dielectrophorisis [13,39,52]. Here, they bring the concept to a new level
by demonstrating modular components for a plug-and-play lab on a chip system for a potential system
to treat neurodegenerative diseases [53]. Separate modules were devised for fluid control, noisome
generation, a previously developed electrochemical imaging sensors system [54] and control wireless
communication system control for implant applications. The modular approach was adopted for
enabling measurements, drug delivery or both simultaneously. The platform represents a crucial step
toward an “intelligent” drug delivery system based on a feedback loop to monitor drug delivery.
In addition, it perfectly summarizes where we think highly integrated microfluidic systems are going
in the future.

7. Conclusions

Microfluidics is an emerging and active research field. Increasingly, the point of contact between
disciplines is at the application level. New developments to realize highly integrated microfluidic
systems continue to require a broad, interdisciplinary approach. The Special Issue “Microfluidics-Based
Microsystem Integration Research” highlights some of the exciting developments in this area, which
are propelling microfluidic systems into wider acceptance and new applications.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Duffy, D.C.; McDonald, J.C.; Schueller, O.J.; Whitesides, G.M. Rapid prototyping of microfluidic systems in
poly(dimethylsiloxane). Anal. Chem. 1998, 70, 4974–4984. [CrossRef] [PubMed]

2. Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373. [CrossRef] [PubMed]
3. Whitesides, G.M. Cool, or simple and cheap? Why not both? Lab Chip 2012, 13, 11–13. [CrossRef] [PubMed]
4. Sackmann, E.K.; Fulton, A.L.; Beebe, D.J. The present and future role of microfluidics in biomedical research.

Nature 2014, 507, 181–189. [CrossRef] [PubMed]
5. Elvira, K.S.; i Solvas, X.C.; Wootton, R.C.; deMello, A.J. The past, present and potential for microfluidic

reactor technology in chemical synthesis. Nat. Chem. 2013, 5, 905–915. [CrossRef] [PubMed]
6. Chin, C.D.; Linder, V.; Sia, S.K.; Daar, A.S.; Thorsteinsdottir, H.; Martin, D.K. Lab-on-a-chip devices for global

health: Past studies and future opportunities. Lab Chip 2007, 7, 41–57. [CrossRef] [PubMed]
7. Yager, P.; Domingo, G.J.; Gerdes, J. Point-of-care diagnostics for global health. Annu. Rev. Biomed. Eng. 2008,

10, 107–144. [CrossRef] [PubMed]
8. Kotz, K.T.; Xiao, W.; Miller-Graziano, C.; Qian, W.J.; Russom, A.; Warner, E.A.; Moldawer, L.L.; De, A.;

Bankey, P.E.; Petritis, B.O.; et al. Clinical microfluidics for neutrophil genomics and proteomics. Nat. Med.
2010, 16, 1042–1047. [CrossRef] [PubMed]

9. Yi, C.; Li, W.; Ji, S.; Yang, M. Microfluidics technology for manipulation and analysis of biological cells.
Anal. Chim. Acta 2006, 560, 1–23. [CrossRef]

10. Bhati, S.N.; Ingber, D.E. Microfluidic organs-on-chips. Nat. Biotechnol. 2014, 32, 760–772. [CrossRef]
[PubMed]

11. Esch, E.W.; Bahinski, A.; Huh, D. Organs-on-chips at the frontiers of drug discovery. Nat. Rev. Drug Discov.
2015, 14, 248–260. [CrossRef] [PubMed]

12. Dittrich, P.S.; Manz, A. Lab-on-a-chip: Microfluidics in drug discovery. Nat. Rev. Drug Discov. 2006, 5,
210–218. [CrossRef] [PubMed]

13. Ghodsevali, E.; Morneau-Gamache, S.; Mathault, J.; Landari, H.; Boisselier, É.; Boukadoum, M.; Gosselin, B.;
Miled, A. Miniaturized FDDA and CMOS Based Potentiostat for Bio-Applications. Sensors 2017, 17, 810.
[CrossRef] [PubMed]

http://dx.doi.org/10.1021/ac980656z
http://www.ncbi.nlm.nih.gov/pubmed/21644679
http://dx.doi.org/10.1038/nature05058
http://www.ncbi.nlm.nih.gov/pubmed/16871203
http://dx.doi.org/10.1039/C2LC90109A
http://www.ncbi.nlm.nih.gov/pubmed/23165967
http://dx.doi.org/10.1038/nature13118
http://www.ncbi.nlm.nih.gov/pubmed/24622198
http://dx.doi.org/10.1038/nchem.1753
http://www.ncbi.nlm.nih.gov/pubmed/24153367
http://dx.doi.org/10.1039/B611455E
http://www.ncbi.nlm.nih.gov/pubmed/17180204
http://dx.doi.org/10.1146/annurev.bioeng.10.061807.160524
http://www.ncbi.nlm.nih.gov/pubmed/18358075
http://dx.doi.org/10.1038/nm.2205
http://www.ncbi.nlm.nih.gov/pubmed/20802500
http://dx.doi.org/10.1016/j.aca.2005.12.037
http://dx.doi.org/10.1038/nbt.2989
http://www.ncbi.nlm.nih.gov/pubmed/25093883
http://dx.doi.org/10.1038/nrd4539
http://www.ncbi.nlm.nih.gov/pubmed/25792263
http://dx.doi.org/10.1038/nrd1985
http://www.ncbi.nlm.nih.gov/pubmed/16518374
http://dx.doi.org/10.3390/s17040810
http://www.ncbi.nlm.nih.gov/pubmed/28394289


Sensors 2017, 17, 1707 6 of 7

14. Berthier, E.; Young, E.W.K.; Beebe, D. Engineers are from PDMS-land, Biologists are from Polystyrenia.
Lab Chip 2012, 12, 1224–1237. [CrossRef] [PubMed]

15. Derzsi, L.; Jankowski, P.; Lisowski, W.; Garstecki, P. Hydrophilic polycarbonate for generation of oil in water
emulsions in microfluidic devices. Lab Chip 2011, 11, 1151–1156. [CrossRef] [PubMed]

16. Greener, J.; Tumarkin, E.; Debono, M.; Dicks, A.P.; Kumacheva, E. Education: A microfluidic platform for
university-level analytical chemistry laboratories. Lab Chip 2012, 12, 696–701. [CrossRef] [PubMed]

17. Chen, C.-F.; Liu, J.; Chang, C.-C.; DeVoe, D.L. High-pressure on-chip mechanical valves for thermoplastic
microfluidic devices. Lab Chip 2009, 9, 3511–3516. [CrossRef] [PubMed]

18. Greener, J.; Tumarkin, E.; Debono, M.; Kwan, C.H.; Abolhasani, M.; Guenther, A.; Kumacheva, E.
Development and applications of a microfluidic reactor with multiple analytical probes. Analyst 2012,
137, 444–450. [CrossRef] [PubMed]

19. Hof, L.A.; Guo, X.; Seo, M.; Wüthrich, R.; Greener, J. Glass imprint templates by spark assisted chemical
engraving for microfabrication by hot embossing. Micromachines 2017, 8, 29. [CrossRef]

20. Greener, J.; Li, W.; Ren, J.; Voicu, D.; Pakharenko, V.; Tang, T.; Kumacheva, E. Rapid, cost-efficient fabrication
of microfluidic reactors in thermoplastic polymers by combining photolithography and hot embossing.
Lab Chip 2010, 10, 522–524. [CrossRef] [PubMed]

21. Debono, M.; Voicu, D.; Pousti, M.; Safdar, M.; Young, R.; Kumacheva, E.; Greener, J. One-step fabrication of
microchannels with integrated three dimensional features by hot intrusion embossing. Sensors 2016, 16, 2023.
[CrossRef] [PubMed]

22. Chen, C.F.; Liu, J.; Hromada, L.P.; Tsao, C.W.; Chang, C.C.; DeVoe, D.L. High-pressure needle interface for
thermoplastic microfluidics. Lab Chip 2009, 9, 50–55. [CrossRef] [PubMed]

23. Umbrecht, F.; Müller, D.; Gattiker, F.; Boutry, C.M.; Neuenschwander, J.; Sennhauser, U.; Hierold, C. Solvent
assisted bonding of polymethylmethacrylate: Characterization using the response surface methodology.
Sens. Actuators A Phys. 2009, 156, 121–128. [CrossRef]

24. Speka, M.; Matteï, S.; Pilloz, M.; Ilie, M. The infrared thermography control of the laser welding of amorphous
polymers. NDT E Int. 2008, 41, 178–183. [CrossRef]

25. Chen, H.-Y.; McClelland, A.A.; Chen, Z.; Lahann, J. Solventless adhesive bonding using reactive polymer
coatings. Anal. Chem. 2008, 80, 4119–4124. [CrossRef] [PubMed]

26. Andresen, K.Ø.; Hansen, M.; Matschuk, M.; Jepsen, S.T.; Sørensen, H.S.; Utko, P.; Selmeczi, D.; Hansen, T.S.;
Larsen, N.B.; Rozlosnik, N.; et al. Injection molded chips with integrated conducting polymer electrodes for
electroporation of cells. J. Micromech. Microeng. 2010, 20, 055010. [CrossRef]

27. Østergaard, P.F.; Lopacinska-Jørgensen, J.; Pedersen, J.N.; Tommerup, N.; Kristensen, A.; Flyvbjerg, H.;
Silahtaroglu, A.; Marie, R.; Taboryski, R. Optical mapping of single-molecule human DNA in disposable,
mass-produced all-polymer devices. J. Micromech. Microeng. 2015, 25, 105002. [CrossRef]

28. Matteucci, M.; Heiskanen, A.; Zór, K.; Emnéus, J.; Taboryski, R. Comparison of Ultrasonic Welding
and Thermal Bonding for the Integration of Thin Film Metal Electrodes in Injection Molded Polymeric
Lab-on-Chip Systems for Electrochemistry. Sensors 2016, 16, 1795. [CrossRef] [PubMed]

29. Matteucci, M.; Christiansen, T.L.; Tanzi, S.; Østergaard, P.F.; Larsen, S.T.; Taboryski, R. Fabrication and
characterization of injection molded multi-level nano and microfluidic systems. Microelectron. Eng. 2013,
111, 294–298. [CrossRef]

30. Bhattacharjee, N.; Urrios, A.; Kang, S.; Folch, A. The upcoming 3D-printing revolution in microfluidics.
Lab Chip 2016, 16, 1720–1742. [CrossRef] [PubMed]

31. Habhab, M.B.; Ismail, T.; Lo, J.F. A Laminar Flow-Based Microfluidic Tesla Pump via Lithography Enabled
3D Printing. Sensors 2016, 16, 1970. [CrossRef] [PubMed]

32. Matlock-Colangelo, L.; Colangelo, N.W.; Fenzl, C.; Frey, M.W.; Baeumner, A.J. Passive Mixing Capabilities of
Micro- and Nanofibres When Used in Microfluidic Systems. Sensors 2016, 16, 1238. [CrossRef] [PubMed]

33. Martínez-López, J.I.; Mojica, M.; Rodríguez, C.A.; Siller, H.R. Xurography as a Rapid Fabrication Alternative
for Point-of-Care Devices: Assessment of Passive Micromixers. Sensors 2016, 16, 705. [CrossRef] [PubMed]

34. Gabardo, C.M.; Zhu, Y.; Soleymani, L.; Moran-Mirabal, J.M. Bench-top fabrication of hierarchically structured
high-surface-area electrodes. Adv. Funct. Mater. 2013, 23, 3030–3039. [CrossRef]

35. Sonney, S.; Shek, N.; Moran-Mirabal, J.M. Rapid bench-top fabrication of poly(dimethylsiloxane)/polystyrene
microfluidic devices incorporating high-surface-area sensing electrodes. Biomicrofluidics 2015, 9, 026501.
[CrossRef] [PubMed]

http://dx.doi.org/10.1039/c2lc20982a
http://www.ncbi.nlm.nih.gov/pubmed/22318426
http://dx.doi.org/10.1039/c0lc00438c
http://www.ncbi.nlm.nih.gov/pubmed/21267479
http://dx.doi.org/10.1039/c2lc20951a
http://www.ncbi.nlm.nih.gov/pubmed/22237720
http://dx.doi.org/10.1039/b912014a
http://www.ncbi.nlm.nih.gov/pubmed/20024030
http://dx.doi.org/10.1039/C1AN15940B
http://www.ncbi.nlm.nih.gov/pubmed/22108956
http://dx.doi.org/10.3390/mi8010029
http://dx.doi.org/10.1039/B918834G
http://www.ncbi.nlm.nih.gov/pubmed/20126695
http://dx.doi.org/10.3390/s16122023
http://www.ncbi.nlm.nih.gov/pubmed/27916849
http://dx.doi.org/10.1039/B812812J
http://www.ncbi.nlm.nih.gov/pubmed/19209335
http://dx.doi.org/10.1016/j.sna.2009.03.028
http://dx.doi.org/10.1016/j.ndteint.2007.10.005
http://dx.doi.org/10.1021/ac800341m
http://www.ncbi.nlm.nih.gov/pubmed/18457409
http://dx.doi.org/10.1088/0960-1317/20/5/055010
http://dx.doi.org/10.1088/0960-1317/25/10/105002
http://dx.doi.org/10.3390/s16111795
http://www.ncbi.nlm.nih.gov/pubmed/27801809
http://dx.doi.org/10.1016/j.mee.2013.01.060
http://dx.doi.org/10.1039/C6LC00163G
http://www.ncbi.nlm.nih.gov/pubmed/27101171
http://dx.doi.org/10.3390/s16111970
http://www.ncbi.nlm.nih.gov/pubmed/27886051
http://dx.doi.org/10.3390/s16081238
http://www.ncbi.nlm.nih.gov/pubmed/27527184
http://dx.doi.org/10.3390/s16050705
http://www.ncbi.nlm.nih.gov/pubmed/27196904
http://dx.doi.org/10.1002/adfm.201203220
http://dx.doi.org/10.1063/1.4918596
http://www.ncbi.nlm.nih.gov/pubmed/25945145


Sensors 2017, 17, 1707 7 of 7

36. Saem, S.; Zhu, Y.; Luu, H.; Moran-Mirabal, J. Bench-Top Fabrication of an All-PDMS Microfluidic
Electrochemical Cell Sensor Integrating Micro/Nanostructured Electrodes. Sensors 2017, 17, 732. [CrossRef]
[PubMed]

37. Ikeda, I.; Monjushiro, H.; Watarai, H. Measurement of dielectrophoretic mobility of single micro-particles in
a flow channel. Analyst 2005, 130, 1340–1342. [CrossRef] [PubMed]

38. Demircan, Y.; Özgür, E.; Külah, H. Dielectrophoresis: Applications and future outlook in point of care.
Electrophoresis 2013, 34, 1008–1027. [CrossRef] [PubMed]

39. Miled, M.A.; Sawan, M. Dielectrophoresis-based integrated lab-on-chip for nano and micro-particles
manipulation and capacitive detection. IEEE Trans. Biomed. Circuits Syst. 2012, 6, 120–132. [CrossRef]
[PubMed]

40. Páez-Avilés, C.; Juanola-Feliu, E.; Punter-Villagrasa, J.; del Moral Zamora, B.; Homs-Corbera, A.;
Colomer-Farrarons, J.; Miribel-Català, P.L.; Samitier, J. Combined Dielectrophoresis and Impedance Systems
for Bacteria Analysis in Microfluidic On-Chip Platforms. Sensors 2016, 16, 1514. [CrossRef] [PubMed]

41. Grünberger, A.; van Ooyen, J.; Paczia, N.; Rohe, P.; Schiendzielorz, G.; Eggeling, L.; Wiechert, W.;
Kohlheyer, D.; Noack, S. Beyond growth rate 0.6: Corynebacterium glutamicum cultivated in highly diluted
environments. Biotechnol. Bioeng. 2013, 110, 220–228. [CrossRef] [PubMed]

42. Kim, K.; Choi, D.; Lim, H.; Kim, H.; Jeon, J.S. Vision Marker-Based In Situ Examination of Bacterial Growth
in Liquid Culture Media. Sensors 2016, 16, 2179. [CrossRef] [PubMed]

43. Huang, X.; Jiang, Y.; Liu, X.; Xu, H.; Han, Z.; Rong, H.; Yang, H.; Yan, M.; Yu, H. Machine Learning
Based Single-Frame Super-Resolution Processing for Lensless Blood Cell Counting. Sensors 2016, 16, 1836.
[CrossRef] [PubMed]

44. Chen, Z.; Li, W.; Choi, G.; Yang, X.; Miao, J.; Cui, L.; Guan, W. Arbitrarily Accessible 3D Microfluidic Device
for Combinatorial High-Throughput Drug Screening. Sensors 2016, 16, 1616. [CrossRef] [PubMed]

45. Deng, S.; Wang, P.; Liu, S.; Zhao, T.; Xu, S.; Guo, M.; Yu, X. A Novel Microfluidic Flow Rate Detection Method
Based on Surface Plasmon Resonance Temperature Imaging. Sensors 2016, 16, 964. [CrossRef] [PubMed]

46. Kim, H.K.; Lee, D.; Lim, S. A Fluidically Tunable Metasurface Absorber for Flexible Large-Scale Wireless
Ethanol Sensor Applications. Sensors 2016, 16, 1246. [CrossRef] [PubMed]

47. Salim, A.; Lim, S. Complementary Split-Ring Resonator-Loaded Microfluidic Ethanol Chemical Sensor.
Sensors 2016, 16, 1802. [CrossRef] [PubMed]

48. Eom, S.; Memon, M.U.; Lim, S. Frequency-Switchable Microfluidic CSRR-Loaded QMSIW Band-Pass Filter
Using a Liquid Metal Alloy. Sensors 2017, 17, 699. [CrossRef] [PubMed]

49. Greener, J.; Li, W.; Voicu, D.; Kumacheva, E. Multiple modular microfluidic (M3) reactors for the synthesis of
polymer particles. Lab Chip 2009, 9, 2715–2722.

50. Fujii, T.; Sando, Y.; Higashino, K.; Fujii, Y. A plug and play microfluidic device. Lab Chip 2003, 3, 193–197.
[CrossRef] [PubMed]

51. Hagmeyer, B.; Zechnall, F.; Stelzle, M. Towards plug and play filling of microfluidic devices by utilizing
networks of capillary stop valves. Biomicrofluidics 2014, 8, 056501. [CrossRef] [PubMed]

52. Tessier, F.; Laprise-Pelletier, M.; Boilard, É.; Fortin, M.A.; Miled, A. Automated and reconfigurable platform
for niosome generation based on a microfluidic architecture. In Proceedings of the IEEE 38th Annual
International Conference of the Engineering in Medicine and Biology Society (EMBC), Orlando, FL, USA,
16–20 August 2016.

53. Kara, A.; Rouillard, C.; Mathault, J.; Boisvert, M.; Tessier, F.; Landari, H.; Melki, I.; Boisselier, É.; Fortin, M.A.;
Boilard, É.; et al. Towards a Multifunctional Electrochemical Sensing and Niosome Generation Lab-on-Chip
Platform Based on a Plug-and-Play Concept. Sensors 2016, 16, 778. [CrossRef] [PubMed]

54. Kara, A.; Reitz, A.; Mathault, J.; Mehou-Loko, S.; Amirdehi, M.A.; Miled, A.; Greener, J. Electrochemical
imaging for microfluidics: A full-system approach. Lab Chip 2016, 16, 1081–1087. [CrossRef] [PubMed]

© 2017 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
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/s17040732
http://www.ncbi.nlm.nih.gov/pubmed/28362329
http://dx.doi.org/10.1039/b508498a
http://www.ncbi.nlm.nih.gov/pubmed/16172655
http://dx.doi.org/10.1002/elps.201200446
http://www.ncbi.nlm.nih.gov/pubmed/23348714
http://dx.doi.org/10.1109/TBCAS.2012.2185844
http://www.ncbi.nlm.nih.gov/pubmed/23852977
http://dx.doi.org/10.3390/s16091514
http://www.ncbi.nlm.nih.gov/pubmed/27649201
http://dx.doi.org/10.1002/bit.24616
http://www.ncbi.nlm.nih.gov/pubmed/22890752
http://dx.doi.org/10.3390/s16122179
http://www.ncbi.nlm.nih.gov/pubmed/27999349
http://dx.doi.org/10.3390/s16111836
http://www.ncbi.nlm.nih.gov/pubmed/27827837
http://dx.doi.org/10.3390/s16101616
http://www.ncbi.nlm.nih.gov/pubmed/27690055
http://dx.doi.org/10.3390/s16070964
http://www.ncbi.nlm.nih.gov/pubmed/27347960
http://dx.doi.org/10.3390/s16081246
http://www.ncbi.nlm.nih.gov/pubmed/27509498
http://dx.doi.org/10.3390/s16111802
http://www.ncbi.nlm.nih.gov/pubmed/27801842
http://dx.doi.org/10.3390/s17040699
http://www.ncbi.nlm.nih.gov/pubmed/28350355
http://dx.doi.org/10.1039/b301410j
http://www.ncbi.nlm.nih.gov/pubmed/15100773
http://dx.doi.org/10.1063/1.4896063
http://www.ncbi.nlm.nih.gov/pubmed/25332747
http://dx.doi.org/10.3390/s16060778
http://www.ncbi.nlm.nih.gov/pubmed/27240377
http://dx.doi.org/10.1039/C6LC00077K
http://www.ncbi.nlm.nih.gov/pubmed/26912254
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Device Fabrication to Support Complex Functionality 
	New Methods and Techniques for Flow Control and Mixing 
	Towards Routine Analysis and Point of Care Applications 
	In Situ Characterization 
	Bringing It All Together: Plug and Play Microfluidics 
	Conclusions 

