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ABSTRACT

Lab-on-a-chip devices are often applied to point-of-care diagnostic solutions as they are low-cost, compact, disposable,
and require only small sample volumes. For such devices, various reagents are required for sample preparation and
analysis and, for an integrated solution to be realized, on-chip reagent storage and automated introduction are required.
This work describes the implementation and characterization of effective liquid reagent storage and release mechanisms
utilizing blister pouches applied to various point-of-care diagnostic device applications. The manufacturing aspects as
well as performance parameters are evaluated.
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1. INTRODUCTION

Microfluidics as a key enabling technology for many applications in the life sciences and diagnostics has made
tremendous progress in recent years. Notably in this respect is the large activity in commercialization this technology is
experiencing, translating academic results into commercial products [1,2]. In particular, the field of point-of-care (POC)
diagnostics is one of the key drivers of this development [3]. The ability to translate complex protocols, such as those in
molecular diagnostics, into an integrated sample-in-answer-out cartridge which does not need any significant hands-on
time from the user and can be operated by relatively unskilled personnel, is one of the key arguments for the uptake of
microfluidics technology in this field and a fulfillment of one of the earliest promises of the micro total analysis system
(LTAS) concept. While much of the academic work in microfluidics has been focusing on the development either of
certain microfluidic “circuit elements” fulfilling functionalities such as mixing, droplet generation, or separation, many
areas which are of great relevance for commercial products and indispensable for such integrated devices have not been
addressed with the same intensity. Examples for such areas are fluidic interfaces [4], sample preparation [5] and reagent
storage [6].

In particular the latter, reagent storage, has attracted significant interest for the development of commercial diagnostic
cartridges. The reasons for this interest can be found in a variety of requirements arising from the application area:

a) Many diagnostic assays employ different reagents. While these can be handled by pipetting robots in the case of
central laboratory assays, the possibilities for such liquid handling is greatly reduced in benchtop or even
portable POC systems.

b) POC diagnostic tests are usually carried out by means of a disposable cartridge or cassette. In order to avoid
contamination or carry-over issues, it is highly desirable to generate a system which does not have any fluidic or
pneumatic interfaces between cartridge and instrument. Such a general system architecture would also negate
the need for washing steps of any system components in between subsequent patient assays.

¢) The overall instrument requirements and ultimately the resulting instrument cost can be significantly reduced if
only mechanical or optical/electrical (for detection) interfaces between the cartridge and instrument have to be
implemented.

For the storage of reagents required to perform the diagnostic assay, two main application cases have to be distinguished:
1) dry reagent storage and 2) liquid reagent storage. The first case mainly applies to reagents such as polymerase chain
reaction (PCR) master mixes which can be lyophilized or antibodies which can be air dried. In this paper, we will
concentrate on a solution for the storage of liquid reagents using blister, as this covers a wide range of physical as well as
chemical parameters.
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2. TECHNOLOGICAL ASPECTS

2.1 Blister manufacturing

Blisters can be defined in contrast to pouches or film packs as having a self-sustaining shape even without being filled
with a reagent. For this reason, the blister material has to have a sufficient thickness to sustain the final shape while still
being soft enough to eventually be compressed for blister emptying. Blisters typically consist of two components: the
structured blister dome which defines the volume of the blister, and the blister bottom film which is used to enclose the
reagents. Compound films, consisting of a material stack typically made out of polypropylene (PP), aluminum and
another PP layer (alternatively polyethylene terephthalate (PET) or polyamide (PA)) with a typical thickness of between
75 and 150 pum are well suited for blister dome formation. In order to shape the blister dome, and thus define its volume,
a thermoforming process [7, 8] is used. The film is heated to a temperature above the glass transition temperature of the
polymer and is then, either by using vacuum, pressure or a mechanical stamp, brought into its final shape which it retains
after cooling back down to room temperature. The advantage of the thermoforming process is its rapid cycle time which,
in the case of the blister dome production, is of the order of a few seconds. Limitations arise from the elastic limit of the
compound film which defines a maximum extension before breakage. Specifically, the integrity of the aluminum film
has to be secured in order to keep the barrier functionality of the blister intact. Additionally, the feature fidelity or
minimum feature size is comparatively poor when compared to other polymer replication technologies such as injection
molding or hot embossing [9]. However, this is not critical in the case of blister formation as the dimensions are typically
of the order of mm. Figure 1a shows an exemplary computer-aided design (CAD) drawing of a 200 ul blister, Fig. 1b a
thermoforming stamp for 150 pl blisters and Fig. 1c a set of completed blisters of different volumes.

Fig. 1: a) CAD drawing of a 200 pl blister, b) thermoforming tool with 4 plungers, and c¢) finished blisters with different volumes.

The next step is the filling of the blister with the desired reagents. This is usually performed using a single channel or in
production a multichannel, pipetting robot. The filling speed has to be chosen as to avoid splashing. The exact filling
volume is achieved by balancing two surface tension effects: a) at the interface between the polymer foil and the liquid
reagent a meniscus is formed, which, due to the normally hydrophobic nature of the film, generates a convex liquid
surface with a contact point below the sealing plane of blister film. b) The surface tension of the liquid itself which
creates an overall convex liquid surface across the blister diameter, with a maximum liquid level height above the sealing
plane of the blister film. In order to achieve an air-free filling of the blister, these two effects have to be balanced, with
an equilibrium value depending on the reagent used as well as the filling temperature.

Once the blister dome has been filled with the reagent, it is sealed with the bottom film. This process is usually a heat-
welding process in which the polymer layers of the blister dome and the bottom film are welded together. As this process
is very fast (<3 s), no noticeable temperature increase occurs in the liquid itself, so even temperature sensitive reagents
such as antibody solutions for immunoassays can be encapsulated using this method.

2.2 Blisters as cartridge components

As with practically all elements in microfluidics, blisters cannot be seen as stand-alone components without an overall
system consideration. In the case of blisters, this concerns the design of the blister housing, the blister mounting itself,
blister protection structures and, most importantly, the mechanism of breaching the blister.

There are two main mechanisms to dispense the liquid from a blister: a) so-called “frangible seals” (or “preferential
breach”) and b) piercing. In the case of frangible seal blisters, the sealing between the blister dome and the bottom film is
structured in such a way that it bursts at a defined location at a defined pressure. Such blisters have been described, for
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example, in [10] and [11]. This approach faces two main challenges. Firstly, on the manufacturing side, the process
parameters for the blister sealing have to be tightly controlled, as small variations in the sealing process (force,
temperature, material, geometrical tolerances) lead to large variations in burst pressure. The second challenge comes
from the fact that upon bursting, the outflow of the blister is very non-uniform, with a large spike directly after rupture of
the blister, followed by a rapid decrease in flow rate. This flow-rate variation can be somewhat alleviated by including a
flow-restrictor structure [12] in the microfluidic design. However, this adds to the dead-volume of the circuitry as well as
using real-estate on the cartridge which, especially in case of multiple reagents, can be a serious constraint.

For this reason, we have opted to use blisters in conjunction with a piercing structure which is implemented in the
microfluidic device. Fig. 2a shows the cross-section of such a needle structure, Fig. 2b an actual image.
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Fig. 2: a) Schematic cross-section of the blister mounted onto a piercing structure, and b) actual image of a piercing structure.

As these needles can be made as an integral part of the injection-molded cartridge, they do not need a separate assembly
step but are an integral part of the manufacturing process. A force acting upon the blister will lower the whole blister
onto these needles, puncturing the bottom film. The big advantage of this approach is a high degree of reproducibility
and a comparatively broad parameter range during manufacturing, as only the material of the blister bottom, the piercing
foil (which can be specifically chosen for easy penetration) and the radius of curvature of the needle structures have an

influence on the opening force. Furthermore, for most blisters, multiple needles are used, creating a fairly homogeneous
flow out of the blister.
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Fig 3: a) Force curve of blister actuation, and b) opening forces depending on blister volume and channel geometry.

An example of a force-time diagram for the opening process can be seen in Fig. 3a. An electrically driven actuator
presses on to the blister which is pierced at t = 45 s. After the initial piercing, the actuator continues to press on to the
blister until it reaches its maximum force upon complete blister clearance. The actuator keeps pressing on the blister in
order to prevent a liquid backflow due to the elastic nature of the blister film material. It can be observed that, if the
actuator is kept depressed, the blister relaxes somewhat and draws liquid back into the area underneath the blister. This
can be prevented by keeping the actuator depressed until the end of the protocol. Fig. 3b shows typical variations of the
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actuation force depending on the blister volume and microfluidic geometry. The general trend is an increase in actuation
force with decreasing blister volume which can be explained with an increasing “stiffness” of the smaller blisters and a
noticeable positive correlation of the actuation force with the hydrodynamic resistance of the microstructure (Channel 2
has a lower hydrodynamic resistance compared to Channel 1). The error bars are as a result of the variation over
10 measurements.

Another important parameter is the actual dispensed volume from the blister. While the blisters have a defined
geometrical volume, due to the fact that the blister film will collapse during compression and create folds, not all of the
volume initially contained within a blister will actually be dispensed, even if the actuating plunger is kept depressed
throughout the dispensing process. Fig. 4a shows the absolute actual amount of dispensed reagent, and Fig. 4b the
amount relative to the nominal volume. These measurements show that there is a practical lower limit for blister
volumes, as the retained volume fraction increases below a threshold of about 100 pl.
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Fig. 4: a) Actual dispensed reagent volume from different blisters, and b) fraction of the nominal volume dispensed.

3. APPLICATION EXAMPLES

Some practical application cases are shown in Fig. 5a-c. Fig. 5a shows a cytometry cartridge which allows the detection
of magnetically labelled cells in a complex matrix such as whole blood without sample preparation by using a sensor
based on the GMR (gigantic magnetoresistance) effect. The blister contains the magnetic beads for labelling the cells. It
can be noted that a barrier is included around the blister for protection. In Fig. 5b, a cartridge for a POC blood count
chip for hematology applications is shown, as reported on previously [13,14]. In this case, the blister contains lysis buffer
and a staining reagent. Fig. 5c shows the possibility of integrating a large number of blisters with different reagents on to
a device. In this case, seven different reagents are stored on a cartridge which performs an analysis of tumor-associated
PRNA clusters.
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Fig. 5a-c: Application examples for diagnostic cartridges employing blisters.

4. CONCLUSIONS

In this paper, we present design, manufacturing, performance and application information on blisters for liquid reagent
storage in microfluidic devices. They represent an important component for microfluidics-enabled POC diagnostic
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devices, especially in the case of sample-in result-out systems. They supersede the need for external manual or automatic
addition of liquid reagents into a cartridge during the implementation of an assay. This enables the removal of any liquid
or pneumatic interfaces between instrument and cartridge, thereby reducing instrument complexity as well as
contamination risk. The presented blisters have to be treated as part of a complete system, namely in conjunction with an
actuation and breaching mechanism. Based on our experiments, the use of piercing structures to open the bottom film of
the blister is preferable over blisters having a frangible seal, as the dispensing of the liquid is more homogeneous and no
additional flow regulating structures have to be employed.

This technology is yet another building block for microfluidics as an enabling technology for POC molecular diagnostic
tests which is most likely to become part of the much sought-after “killer-application” in microfluidics [15].

ACKNOWLEDGEMENTS

Part of the work carried out at microfluidic ChipShop was financially supported by the European Union in an FP-7 grant
under the project “Routine”, grant agreement no. 304941, by the Bundesministerium fiir Bildung und Forschung
(BMBF) through the project “IMRA”, FKZ: 031A094C and the project “MRCyte”, FZK 13N12018. The authors
gratefully acknowledge the Council for Scientific and Industrial Research (CSIR), Pretoria, South Africa, for funding of
the aspects of the work carried out at the CSIR. We thank all project partners for their contributions.

REFERENCES

[17] Yole Developpement, “Microfluidic Applications 2015”, market report 2015.

[2] A.K. Yetisen, L.R. Volpatti, “Patent protection and licensing in microfluidics”, Lab Chip 14, 2217-2225, (2014).

[3] C.D. Chin, V. Linder, S.K. Sia, “Commercialization of microfluidic point-of-care diagnostic devices”, Lab Chip.
12,2118-2134, (2012).

[4] Y. Temiz, R.D. Lovchik, G.V. Kaigala, E. Delamarche “Lab-on-a-chip devices: How to close and plug the lab”,
Microelectr. Engin. 132, 156-175, (2015).

[5]1 J. Kim, M. Johnson, P. Hill P. et al., “Microfluidic sample preparation: cell lysis and nucleic acid purification.
Integr. Biol. 1, 574-586, (2009).

[6] M. Hitzbleck, E. Delamarche, “Reagents in Microfluidics: an "in" and "out" Challenge”, Chem. Soc. Rev. 42, 8494
— 8516, (2013).

[71 S. Giselbrecht, T. Gietzelt, E. Gottwald, A.E. Guber et al., “Microthermoforming as a novel technique for
manufacturing scaffolds in tissue engineering (CellChips)”, IEE Proc. Nanobiotechnology 151, 151-157, (2004).

[8] M. Focke, D. Kosse, C. Miiller, H. Reinecke, R. Zengerle, F. von Stetten, “Lab-on-a-foil: microfluidics on thin and
flexible films”, Lab Chip 10, 1365-1386, (2010).

[9] H. Becker, C. Gartner, “Polymer microfabrication technologies for microfluidic systems”, Anal. Bioanal. Chem.
390(1),89-111, (2008).

[10] S. Selvakumar, R. Linares, A. Oppenheimer, et al., “Variation analysis of flow rate delivered using a blister pump.
Proc. SPIE 8251, Microfluidics, BloMEMS, and Medical Microsystems X, 825101, (2012).

[11] T. Inamdar, B.W. Anthony, “Characterizing fluidic seals for on-board reagent delivery”, Proc. SPIE 8615,
Microfluidics, BioMEMS, and Medical Microsystems XI, 861516, (2013).

[12] Y. Bozhi, J.W. Levis,.L. Qiao, "A PDMS-based constant-flowrate microfluidic control device," in, Proc. 17th IEEE
International Conference on Micro Electro Mechanical Systems. (MEMS) , 379-382, (2004)

[13] S. Hugo, K. Land, H. Becker, “Characterization of microfluidic components for low-cost point-of-care devices”,
Proc. 17th International Conference on Miniaturized Systems for Chemistry and Life Sciences (MicroTAS), 2013,
Freiburg, 461-463 (2013).

[14] S. Smith, T. Naidoo, E. Davies, L. Fourie, Z. Nxumalo, H. Swart, P. Marais, K. Land, P. Roux, “Sample to answer
visualization pipeline for low-cost point-of-care blood cell counting”, Proc. SPIE 9332, Optical Diagnostics and
Sensing XV: Toward Point-of-Care Diagnostics, 93320V (2015).

Proc. of SPIE Vol. 9705 97050F-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/29/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



