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Microfluidic manufacturing platforms have advanced the production of monodisperse, shape-controlled,
and chemically defined micromaterials. However, conventional microfabrication platforms are typically
designed and fabricated as single-purpose and single-use tools, which limits their efficiency, versatility, and
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overall potential. We here present an on-the-fly exchangeable nozzle concept that operates in a transpar-
ent, 3D, and reusable microfluidic device produced without cleanroom technology. The facile exchange
and repositioning of the nozzles readily enables the production of monodisperse water-in-oil and oil-in-
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water emulsions, solid and core-shell microspheres, microfibers, and even Janus type micromaterials with

Open Access Article. Published on 16 April 2019. Downloaded on 8/4/2025 12:25:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/loc

Introduction

Microfluidic devices offer predictable (i.e., laminar) flow be-
haviour, in-line manipulation, and monitoring of liquids.*
This control over liquids has enabled the production of
micromaterials ~ with  controlled size, shape, and
composition.>™ Microfluidic devices are typically produced as
channels that are permanently formed and/or enclosed within
glass or transparent polymer using a covalent bonding strat-
egy such as plasma bonding, gluing, or fusing via partial
melting or dissolving.”® The non-reversible nature of these
conventional microfluidic device fabrication methods limits
their use to a single specific application. In particular, device
dimensions and surface wetting properties need to be opti-
mized per application, with little to no flexibility for efficient
adaptation to other applications.”® Conventional microfluidic
devices are also inefficient during design optimization strate-
gies, as their non-adaptable nature hampers swift iterations
towards a functional device. On top, conventional micro-
devices are considered as single-use disposables. Cleaning dif-
ficulties of permanently bonded devices contributes to signifi-
cant wastage of (e.g., clogged) chips, which is highly cost-
inefficient considering the high-end materials, skilled person-
nel, and advanced lithographic infrastructure that are typi-
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controlled diameters ranging from 10 to 1000 um using a single microfluidic device.

cally required for manufacturing of microfluidic devices.
These limitations have jointly been hampering the rapid and
widespread adoption of microfluidic technologies into other
scientific disciplines as well as translation into clinical and
industrial applications.’"°

Opportunely, microfluidic devices with on-demand adapt-
able channels represent a straightforward flexible solution to
expand the versatility and efficiency of microfluidic devices.
Reusable ‘off-the-shelf’ microfluidic devices made from plas-
tic parts and steel needles have been explored to this end.
These devices have been successfully used for flow focusing
applications,"* generation and splitting of water-in-oil (W/O)
droplets,"" and liposome generation."* However, the non-
transparent nature of current devices impaired the direct
monitoring that is required for controlled droplet formation
and manipulation processes. Nozzle positioning has, for ex-
ample, a major effect on the droplet size.'” Furthermore,
microfluidic device transparency is critical for the on-chip
photocrosslinking of various polymers.’® The pressing need
for on-the-fly adoptable microfluidic devices is furthermore
reflected by the recent development of several modular
microfluidic systems."”° Regardless of their promise, cur-
rent adaptable microfluidic devices are not yet readily com-
patible with the production of solid micromaterials.

In this work, we demonstrate the fabrication of monodis-
perse micrometer-sized droplets, beads, and fibers using a
fully transparent multifunctional 3D microfluidic device with
exchangeable nozzles. The microfluidic device was
manufactured without cleanroom technology and could be
configured on-the-fly to operate in a T-junction, coaxial flow,
and flow focusing manner. Combining this multifunctional
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Fig. 1 Schematic concept of exchangeable nozzles within a multifunctional 3D microfluidic device for versatile monodisperse micromaterials
production. Sealed connections between the device, tubing, and nozzles enable the on-the-fly exchange of nozzles. This allows for the on-
demand switching between nozzles with different diameters, hydrophobicity, absorbance, and complexity. Furthermore, the nozzle placement can
be temporally controlled to switch between T-junction, co-flow, and flow-focusing configurations. The multifunctional nature of this microfluidic
device enables facile tuning towards the fabrication of emulsions and various micromaterials including microspheres and microfibers.
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Fig. 2 Engineering a microfluidic device with exchangeable nozzles. (a) Computer-aided design (CAD) of the multifunctional 3D microfluidic de-
vice. The device was fabricated in PMMA using standard (b) cutting (i.e., sawing and micromilling) and (c) abrasion (i.e., polishing) techniques. (d)
Tubing and nozzles were sealed to the PMMA device using rubber O-rings that auto-centered inserted nozzles. The adaptable nature of the micro-
fluidic device enabled the straightforward generation of water-in-oil and all-aqueous two-phase flows using (e) T-junction, (f) coaxial, (g) flow fo-
cusing, and (h) coaxial/flow focusing nozzle configurations. Scale bars indicate 350 pm.
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Fig. 3 Characterization of microdroplets production with on-the-fly nozzle exchange. (a) Coaxially flowing water in oil using nozzles with differ-
ent inner diameters enabled the formation of droplets with diameters spanning more than an order of magnitude. (b) Switching between two sta-
ble droplet production size regimes by exchanging the nozzle was achieved within one minute. (c-e) Per nozzle, the droplet size was fine-tuned
by tuning the flow rate of the continuous phase and thereby the capillary number. (f) All nozzles were compatible with the production of monodis-

perse (CV < 5%) droplets. Scale bars indicate 350 pm.

Results and discussion

Design and fabrication of multifunctional microfluidic device
with exchangeable nozzles

The microfluidic device design consisted of a center channel
and two side channels that essentially formed two serially
connected T-junctions (Fig. 2a). This design was compatible
with the user-defined assembly of a variety of nozzles into
the three most used nozzle configurations, namely T-junc-
tion, coaxial flow, and flow focusing, and thus acted as a uni-
platform for the fabrication of a variety of
micromaterials.

The device was fabricated in polymethylmethacrylate
(PMMA), as this material is transparent, widely available, and
biocompatible, but also mechanically robust while easily
adaptable using standard cutting and abrasion methods.
Channels were micromilled in the presence of concentrated
soap solution that acted as a coolant and prevented heat-
induced cracking of the PMMA, resulting in precise and
highly reproducible microfluidic device fabrication (Fig. 2b).>!
Channels were measured to be 0.9 mm in diameter, which
allowed for the insertion of a wide variety of commercially
available capillaries. The device inlets and outlets consisted of

versal

This journal is © The Royal Society of Chemistry 2019

1.6 mm wide holes that enabled the insertion of 1/16" (i.e.,
~1.59 mm) outer diameter tubing, which is commonly used
in microfluidic applications. After micromilling, the transpar-
ency of the center channel was increased by >2.5-fold through
abrasion using a knotted thread and polish (Fig. 2c and S17).

Fused silica capillaries were selected as nozzles, as they
are readily available with inner diameters ranging from 2 + 1
to 700 = 10 pm and outer diameters ranging from 90 + 6 to
850 + 20 um, thus nearly spanning the entire micrometer re-
gime. Furthermore, fused silica capillaries can be pre-coated
with, for example, a polyimide layer to improve durability
and provide UV-protection. Exchangeable nozzles were fabri-
cated by gluing a fused silica capillary into 1/16” tubing (i.e.,
for T-junction and coaxial flow) or by inserting it into silicone
tubing (ie., for flow focusing), which acted as outlet tubing
(Fig. S271). The transparent and semi-permeable nature of the
silicone outlet tubing enabled in-line monitoring, photo-
irradiation of the flowing materials, and diffusion-based de-
livery of small molecules such as reactive hydrogen peroxide
to induce or control chemical reactions.*

The microfluidic device inlets and outlets were partially
widened to hold elastic O-rings that formed liquid tight seals
and ensured centring of the exchangeable nozzles and/or

Lab Chip, 2019, 19, 1977-1984 | 1979
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Fig. 4 Chemical and physical optimization of exchangeable nozzles to enable the processing of polymers solutions. (a) Pristine fused silica
nozzles were hydrophilic, which readily enabled the formation of O/W emulsions, but impaired the formation of polymer-laden W/O emulsions
such as dextran solution in hexadecane. (b) Chemically treating the fused silica with fluorinated silane (c) resulted in less hydrophilic nozzles that
were compatible with the production of polymer-laden W/O emulsions. (d and e) Alternatively, fused silica (FS) nozzles could be physically modi-
fied with a UV-protective polyimide (PI) coating to prevent nozzle clogging during processing of photocrosslinkable polymers. (f) The polyimide
coating reduced the relative UV transmission by more than 4-fold and enabled (g and h) continuous and stable production of photocrosslinked
polymer microspheres under UV irradiation by preventing nozzle clogging (i) over a wide range of UV intensities as compared to non-coated noz-
zles. Nozzle clogging, incomplete PEGDA photocrosslinking, and complete PEGDA photocrosslinking are indicated with red, blue, and green

squares, respectively. Scale bars indicate 200 um. * indicates significance with p < 0.01.

tubing in the microfluidic device's channels. Optionally, a bo-
rosilicate glass capillary spacer was used to enable sealing of
the silicone tubing into the device. As expected, the PMMA
device and rubber O-rings enabled the facile connection of
tubing and fused silica nozzles in various configurations, as
confirmed by successful demonstration of W/O emulsifica-
tion using T-junction, coaxial, and flow focusing modes, as
well as the formation of a focused aqueous two-phase coaxial
flow (Fig. 2d-h).

Expanding the microfluidic droplet production regime using
exchangeable nozzles

Microfluidic droplets can be leveraged as templates for the
controlled fabrication of microspheres.”® The size of such
microfluidic-generated materials strongly depends on the
nozzle width, the flow ratio of the dispersed and continuous
phases, and (for droplet and particles) the capillary number
of the continuous phase Ca = 5.v./y, where 7, is the viscosity
of the continuous phase, v. is the average velocity of the con-
tinuous phase, and y is the interfacial tension between the
dispersed and continuous phases.>* Tuning the flow rates of
the dispersed and continuous phases is thus a potent strategy
to control the droplet size. However, stable production of
monodisperse droplets is limited to the squeezing and drip-
ping regimes.”>*® Therefore, droplet size can only be fine-

1980 | Lab Chip, 2019, 19, 1977-1984

tuned within a relatively small regime, typically limited to an
order of magnitude in diameter.>’>* We hypothesized that
the production regime of a single microfluidic device could
be significantly expanded in terms of droplet size by control-
ling the nozzle diameter on-the-fly. To demonstrate this, our
microfluidic device was successively equipped with three dif-
ferent nozzles (Dyozz1e = 75, 200, 700 um) during a continuous
experiment. On-the-fly exchange of the nozzles readily en-
abled the production of monodisperse microdroplets with di-
ameters exceeding an order of magnitude, as demonstrated
by emulsification of water in a 1% Span 80 containing
hexadecane solution (Fig. 3a). The rubber O-rings enabled
facile and swift nozzle exchange by guaranteeing instant
sealing and auto-centring of the nozzles, which allowed for
the switching between different droplet size production re-
gimes in less than a minute (Fig. 3b, Movie S1t). As expected,
with every nozzle the droplet size could be fine-tuned by con-
trolling the capillary number. Specifically, increasing the cap-
illary number by increasing the continuous phase flow rate
resulted in reduction of the droplet size (Fig. 3c-e). Further-
more, the exact position of nozzles significantly affected the
droplet production regime, which could be uniquely simulta-
neously fine-tuned and monitored through on-the-fly
repositioning of the nozzles within our transparent micro-
fluidic device (Fig. S31). Microdroplets over the entire size re-
gime were characterized by a monodisperse size distribution

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Various examples of monodisperse micromaterials produced using the multifunctional 3D microfluidic device with different optimized
nozzle configurations. (a) Flow focusing an enzymatically crosslinkable Dex-TA and HRP containing solution (1) in hexadecane with Span 80 (2)
using a fluorinated fused silica nozzle enabled the production of monodisperse solid dextran-based microspheres. (b) Coaxially flowing a photo-
crosslinkable PEGDA and 12959 containing solution (1) in hexadecane with Span 80 (2) using a polyimide-coated fused silica nozzle enabled the
production of monodisperse PEG-based microspheres. (c) Focusing coaxially flowing alginate (1) and PEG (2) containing solutions in a calcium
chloride containing solution (3) using a combination of single and multibore capillaries enabled the production of monodisperse simple and Janus

type microfibers. Scale bar indicates 200 um.

as confirmed by coefficients of variation CV < 5%. (Fig. 3f).
Similar size control was achieved with all-aqueous two-phase
co-flows, which is key for the microfabrication of, for exam-
ple, microfibers with controlled diameters (Fig. S4t).

Chemical and physical nozzle tuning for micromaterial
production

Controlling microfluidic nozzle wettability is key to achieve
successful generation of droplets. The fused silica nozzles
used in this work contain siloxane bridges that bind water
via chemisorption to form silanol groups, which adsorb po-
lar compounds including water molecules allowing it to act
as a hydrophilic surface.®® Consequently, fused silica is in-
herently hydrophilic in its native state, which was confirmed
by contact angle measurements (6 = 27 + 5°) using the cap-
illary rise method (Fig. 4a).>" Fused silica nozzles were
therefore readily compatible with production of oil-in-water
(O/W) emulsions such as hexadecane in a 1% sodium

This journal is © The Royal Society of Chemistry 2019

dodecyl sulphate (SDS) containing water solution. However,
the nozzles' hydrophilic nature also hampered the stable
formation of W/O emulsions. Moreover, aqueous wetting of
fused silica was exacerbated in the presence of water-
soluble polymers such as dextran, which hindered the for-
mation of microsphere precursor droplets (Fig. 4a). To en-
able polymer microsphere formation through microfluidic
emulsion templating using our microfluidic platform, fused
silica nozzles were deactivated by chemically coupling fluori-
nated silane to the available silanol groups (Fig. 4b). The
fluorinated fused silica nozzles were significantly less hydro-
philic (¢ = 52 + 2°) than pristine fused silica nozzles and
were proven to be compatible with the W/O emulsification
of 5% dextran solution (Fig. 4c).

Besides chemical modification, exchangeable nozzles
could also be physically optimized for the processing of poly-
mer precursor solutions. For example, selectively modifying
the optical properties of nozzles offers the possibility to opti-

mize the microfluidic system for processing

Lab Chip, 2019, 19, 1977-1984 | 1981
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photocrosslinkable polymers. An ongoing challenge in on-
chip photocrosslinking strategies is microfluidic channel
clogging due to photocrosslinking of polymers by strayed UV
light.>** To overcome UV-induced clogging, we exchanged
the conventionally used glass or borosilicate capillaries by
polyimide-coated fused silica capillaries that acted as UV-
protected nozzles (Fig. 4d and e). Absorption spectrometry
confirmed that polyimide-coated nozzles absorbed signifi-
cantly more UV light (4 = 365 nm) than pristine fused silica
nozzles (Fig. 4f). Advantageously, the polyimide-coated noz-
zles enabled the continuous and stable on-chip production of
polyethylene glycol diacrylate (PEGDA) microdroplets in the
presence of UV light, while the pristine nozzle mainly associ-
ated with clogging (Fig. 4g and h). Moreover, the use of
polyimide-coated nozzles significantly widened the opera-
tional window for the production of completely photo-
crosslinked PEGDA microspheres (Fig. 4i).

On-demand fabrication of a wide variety of micromaterials

To demonstrate the universal nature of the microfluidic de-
vice, it was combined with a variety of nozzles in different
configurations to produce various different classes of micro-
materials. To this end, several combinations of distinct (i)
polymers (natural and synthetic); (ii) crosslinking mecha-
nisms (chemical and physical); (iii) morphologies (spherical
and fiber); and (iv) complexities (isotropic solid, Janus solid,
and core-shell) were produced (Fig. 5).

A flow focusing configuration of a fluorinated fused silica
nozzle enabled the stable production of isotropic solid and
core-shell dextran microspheres (Fig. 5a). Specifically, a
mixture of dextran-tyramine (Dex-TA) and horseradish per-
oxidase (HRP) was emulsified with hexadecane that
contained Span 80, and flown through a semi-permeable sil-
icone tubing that was submerged in H,O,. Diffusion-based
supplementation of H,O, into the polymer droplets initiated
the enzymatic crosslinking of the tyramine moieties
resulting in the formation of monodisperse dextran micro-
spheres.””> Core-shell microspheres were produced by
adding the H,0, consuming enzyme catalase to the polymer
solution,”®>® which prevented crosslinking of the droplet
center.

A polyimide-coated capillary in coaxial flow mode was
used as a UV-shielded nozzle to demonstrate the stable pro-
duction of photocrosslinked PEGDA microspheres (Fig. 5b).
Acrylate moieties of PEGDA can be covalently coupled
through free-radical polymerization upon irradiation of a
photoinitiator such as  2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (12959). Straightforward W/O emulsifi-
cation of a PEGDA and 12959 containing solution using a UV-
irradiated coaxial flow nozzle resulted in the stable and clog-
free formation of monodisperse PEGDA microspheres. A com-
bination of coaxial flow and flow focusing was used to gener-
ate alginate microspheres (Fig. 5c). Specifically, this nozzle
arrangement enabled the formation of a laminar three-
layered co-flow of CaCO; nanoparticles in alginate, Span 80

1982 | Lab Chip, 2019, 19, 1977-1984
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in hexadecane, and Span 80 and acetic acid in hexadecane.
The alginate droplets were ionically crosslinked using diva-
lent calcium cations, which were released upon the acid-
induced dissolution of CaCO,.>” The middle oil flow acted
as a liquid barrier between the CaCO; and the acetic acid,
which prevented clogging of the microfluidic device. Algi-
nate microfibers were produced using the same nozzle con-
figuration by coflowing solutions of alginate, polyethylene
glycol (PEG) and CaCl,. The middle PEG flow acted as a liq-
uid barrier between the divalent calcium ions and the algi-
nate, which prevented microfluidic device clogging.
Inserting a multibore nozzle readily provided an extra level
of complexity, as demonstrated by the production of Janus
type microfibers (Fig. 5¢ and S57).

Conclusions

Microfluidic platforms for micromaterial production typically
rely on permanently enclosed single-use devices with limited
operational freedom. In this work, we presented a re-usable
microfluidic device with disposable exchangeable nozzles,
which enabled the controlled production of a wide variety of
micromaterials. The device was fabricated in PMMA using
standard cutting and abrasion methods that do not demand
clean-room infrastructures. Reversible exchange of the tub-
ing, nozzles, and device was enabled in a rapid, straightfor-
ward, and leak-free manner. On-the-fly nozzle exchange en-
abled the continuous generation of microfluidic products
over a size range far exceeding the production limits of con-
ventional fixed nozzle devices. Furthermore, nozzle exchange
readily allowed for the tuning of surface wetting properties,
which enabled swift iteration towards functional micro-
manufacturing protocols for various materials. Various nozzle
configurations, materials, and crosslinking methods have
been efficiently and successfully combined to demonstrate
the user-friendly manufacturing of a myriad of micro-
materials. Uniquely, equipping the transparent microfluidic
device with UV-protected nozzles enabled the stable produc-
tion of photocrosslinked polymer microspheres. The univer-
sal and facile nature of the transparent 3D microfluidic de-
vice with exchangeable nozzles is expected to facilitate the
controlled production of micromaterials, thereby aiding its
widespread adoption.
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