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Abstract

A novel usefor topological structuresinside microfluidic channels is presented. Thesactures have been success-
fully utilised to aid in mixing of two water-in-ogmulsions in order téorce coalescencethereby introducing a cross
linker into the primary emulsion to form particléBhe method has been demonstrated by the manufaofself-
immobilised enzyme particles which exhibit high activity retention while algsoducinghighly monodisperseparti-

cles.

1 Background

Due to the nature of microfluidic flow, which isnabst
exclusively laminar, mixing is very slow and occyms$-
marily due to diffusion. Many ways of overcomirgst
limitation have been proposed [1, 2], both for aetand
passive mixing. A particular case of passive mixgigne
in which channel surfaces are physically modifigdtie
addition of grooves in the channel floor [3-5].

Droplet based microfluidics has received growingprat
tion due to the many areas in which it has founglieg-
tion [6]. Droplets allow for the manufacture of dgeer
emulsions [7] and the direct synthesis of partifBsRe-
agents necessary for cross linking to form pasicee
introduced either before droplet formation, as vidlial
droplets requiring later merging [9], or are actidlater

in the process, for example by UV [10]. These sa®m

work well only for a limited range of flow conditis and
reagents and it is difficult to scale the processlérger
volume production in many applications.

A method of utilising topological micro structurs the

side channels of junction A, which are 60 pum witl¢ha
junction. Droplets are formed at this junction affaiv
towards junction B where a pre-emulsified croskdin
(glutaradehyde and ethylenediamine) emulsion isint
duced. Droplet diameter can be controlled by cdlimigp
the flow velocities of the oil and aqueous liquatgunc-
tion A, so that diameters in the range 30 — 100gambe
produced. In this work, input flow rate is constatt4
pl/min for the oil phase, 1 pl/min for the aquegqlmse
and 1 pl/min for the cross linker emulsion, resgjtin
final drop diameters in the 50 pm range.

DETAIL B DETAIL C

OA OB

DETAIL A

Figure 1 Schematic of the microfluidic device showing

purpose of passively mixing two streams of emulsian (A) flow focusing junction, (B) junction to introde
explored. This introduces a novel new application f cross linker emulsion, and (C) mixing structures.

these structures.
In addition, the method of fluid introduction alatiows

for various time delays between the introductionttod
reagents and places no limits on scale-up.

2 Design and Manufacture

Twelve different structures have been designedtested
and an optimal structure for the mixing of emulsidras
been identified. These structures are showRigure 2,

where the right side shows a schematic of the desagd
the left side shows photographs of the actual &iras.

The dimensions of the structures, both designedaahgd

Figure 1 shows a schematic of the typical microfluidical after manufacturing, are givenTiable 1 Positive fea-

device, with the structures being positioned ingagen-

tine section. Standard soft lithography [11] idisgid for

tures on the mold become the structures addinghdept
the channel, and are designed narrower than rebjaise

manufacture and all devices are manufactured frothe manufacturing process typically adds 5% toldkeral
PDMS and oxygen bonded to glass slides. Channels aimension. The width of the channels in the seipent
70 um deep, with the structures adding another 120 pregion is 400 pm.

depth (Detail C in Figure 1). Junction A is a stamtiflow
focusing design, with the aqueous solution (bowerim
albumin/lipase solution) being introduced in theddbé
60 um wide channel. Mineral oil is introduced inte
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Table 1 Designed versus actual structure dimensions
Figure 2 Schematic of the twelve tested structures according to the definition in Figure 2.

(right) with photographs of the actual structureg),
Slanted (e), straight (f) and partial (g, h) stanes do not

. work efficiently, and complete mixing is not achéev
3 EXpe”mental Results over the entire test length of 26 mm.

A series of microscope images of the tested strestu ) S )

stitched together to form the full microfluidic aireel, is Reversing the structure directions (b, d, j, ) smauthe
shown inFigure 3. For clarity, the original design has larger droplets to migrate to the channel wallsesthare
been overlaid onto the experimental images. lifficdit ~ @voided in the current work due to possible wafitemi-
to accurately determine when complete mixing hierta nation. However, the slanted and reversed strustnay
place, but it is possible to visually determine avhof the P& useful for applications such as sorting, altiotgey

structures results in effective mixing. Table 1whahe @are notconsidered here. Asymmetrical herringbones
tures provide the best mixing (a, b, i-l), followbg the

symmetric structures (c, d).

mixing length for each channel.
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Figure 3 Microscope images of the twelve tested structures. scale bar at the top of the image (0 — 18) mm. The
original design is overlaid on each image to heiljn wisualisation of the structures.



Mixing without structures
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Mixing with structures

(a)

Figure 4 Experimental results of mixing with (f — j) and
without (a — e) structures.

Figure 4 (j) shows complete mixing after only 1 in
a channel with asymmetric structures. At the flates
already mentioned, total residence time of the lgtsgn
the serpentine section is 26 s. With structuresinoiis
complete after 2.7 s, allowing for more than 23esi-r
dence time for cross linker coalescence and cinkmd
taking place.

4  Discussion

Remarkably, it has been shown that the additiostrofc-
tures results in a 10x decrease in mixing lengtjuaéng
to an equivalent 10x decrease in mixing time, wbeam-
pared to the same device without structures.

Figure 5 Photographs of droplets formed (a) with NoRapid mixing results in longer residence time fosplets

structures compared to (b) with structures.

Increasing the distance between asymmetric strest(iy
j) and increasing the structure width (k, I) bo#sult in
efficient mixing, but the mixing length increases.

In order to demonstrate the efficiency of mixifigure 4
compares mixing with and without structures. Figdii@)
shows mixing after 104 mm in a channel without stru
tures. Mixing is not yet complete and some droptiis
not contact the cross linker emulsion sufficienttyaddi-
tion, due to the laminar flow and parabolic flovofile in
the channel, droplets remain in their lateral posg, re-
sulting in excessive cross linking or no crossihigk This

to cross link, producing evenly cross linked paesc Par-

ticle robustness has been shown by centrifuging the

formed particles in order to separate them from dhe
phase. Particles manufactured with structures seiiis

process, while particles formed without structuodten

coalesce or break up showing that they are not txigip

cross linked.

As noted earlier, the application chosen to tessélstruc-
tures was for the immobilisation of enzymes. Oftipar
lar importance for this application is the retentif cata-
Iytic activity of the immobilised enzyme over theé en-
zyme which would typically be used. Particles imiinob
lised with the method described retain a minimun?of

is problematic for the proposed application of selfos of their activity when compared to the free enaym

immobilising enzymes for two reasons:

1. a certain residence time is required in the micidfl
ic device to allow for complete mixing of the cross
linker in the formed droplet, and

2.

resulting in finished particles with different char
teristics (such as stability).

while producing particles with a diameter of 49m and
a standard deviation of less than 3 %.
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