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1. Abstract
Despite the recent advancements in the field of microfluidics, the potential of rapid development is
often limited due to the inherent challenges posed by the materials used for microfluidic device
fabrication. For drug delivery applications, there is a need to identify an optimal material that is
cost-effective, compatible with ‘soft-lithography,’ easily replica molded, and resistant to harsh
solvents. The family of thiol-ene polymers hold promise as an inexpensive and easy-to-produce
alternative. This material shows good chemical compatibility with most organic solvents but falls
short for chlorinated solvents which are often used for pharmaceutical applications. Thus, the
research presented in this thesis aimed to develop a solvent compatible thiol-ene platform for rapid
and cost-effective fabrication of microfluidic chips with a focus on drug delivery applications.
This work initially shows the rendering of thiol-ene polymers chloroform compatible in order
to open new prototyping avenues for drug delivery purposes. The approach is simple and effective,
resulting in a 50-fold increase in chloroform compatibility, allowing for the operation of microfluidic
chips in chloroform for several days without any discernible deformation.
Next, this thesis shows the novel preparation of small (1-2 µm), monodispersed polylactic acid
(PLA) microspheres, utilizing chlorinated solvents for their synthesis. This work presents a simple
microfluidic chip design achievable in all microfluidic fabrication labs and relies on flow manipulations
to shear of droplets well under the often-regarded minimum size limits. The prepared particles show
high monodispersity and significant loading with magnetite nanoparticles; hence, hold promise for
magnetically targeted drug delivery.
In addition to droplet production, thiol-enes are suited for the bulk precipitation of uniform
nanoparticles. The final work presented here focuses on siRNA loading within the lipid-polymer
hybrid nanoparticles. This work shows exquisite size control, ranging from 70-300 nm, uniform sizes,
and high siRNA encapsulation efficiency.
The results obtained during this study presents a facile method to produce cost-effective and
solvent compatible thiol-ene microfluidic chips highly suitable for numerous applications. With
extensive experimental evidence, the fabricated thiol-ene microfluidic chips are shown to be very
efficient for the production of pharmaceutical delivery vehicles of all sizes, ranging from the nano- to
the micro-scale.
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1.1.

Lay Summary

A microfluidic chip is a small device that allows for the movement and manipulation small amounts
of liquids within integrated channels that are about the size of a human hair. Microfluidic devices
can be used to miniaturize lab processes (lowering costs), but more importantly, the channels can be
shaped in such way that all reactions or processes are tailor made to be more effective, consistent,
faster or even, include many processes in a single step.
A key consideration of a microfluidic device is the material that it’s made out of. Currently
most microfluidic chips are made out of plastic, as plastics are easier to shape to have hair-sized
channels. Plastics, however, are limited in utility, as they tend to break down when exposed to
common laboratory chemicals. Many of these chemicals are essential for the production of
pharmaceutical drug carriers, a research area where microfluidic chips are particularly useful to
obtain a consistent product. In a controlled reaction, microfluidics can be used to package drugs into
a carrier material to yield a stable pharmaceutical that can protect the cargo, target disease sites,
modulate drug release, and so on.
To achieve this, the first part of this thesis shows the development of a plastic that can withstand
very harsh chemicals (solvents) that are required for the production of both micron- and nanosized
drug carriers. This thesis shows that a class of plastics, “thiol-enes,” can be modified to be highly
solvent compatible, enabling research in pharmaceutical development. The new and improved
material can withstand 50x more chloroform exposure than the original.
The utility of this material is then showcased for both micro- and nanoparticles. A novel approach
is used to make a particularly challenging size of particles that are 1-2 µm in diameter. These particles
were rendered magnetic, such that it holds promise for magnetic targeting to disease sites in a clinical
setting. Further, the microfluidic material is used to produce nanoparticles aimed at altering protein
levels in cells, which is at present, a highly desirable therapeutic approach.
Combined, this thesis shows both material modifications and pharmaceutical applications,
opening new ways of developing drug delivery vehicles in a microfluidic chip. The material can be
easily and rapidly molded to make the channels, allowing to produce innovative designs, all while
maintaining applicability in harsh chemical environments
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2. Resumé (på dansk)
Udviklingen af hurtige fremstillingsteknikker til mikrovæskesystemer har fremskyndet deres
anvendelse. På trods af de nylige fremskridt er potentialet for mikrovæskesystemers udvikling
imidlertid begrænset på grund af de grundlæggende udfordringer, der er ved anvendelsen af forskellige
materialer til fremstilling af mikrovæske chips. Det mest anvendelige materiale til udvikling af
mikrovæske chips, med henblik på drug delivery er glas, men det er dog både bekosteligt og vanskeligt
at fremstille. Der er således behov for at identificere et mere optimalt materiale, der er i)
omkostningseffektivt, ii) kompatibelt med standardteknikken “soft-lithography,” iii) ubesværet kan
blive støbt replika af og iv) som er resistent over for hårde opløsningsmidler, hvilket ofte kræves.
Thiol-ene-polymererne er ofte overset, men de har vist sig som et alternativt materiale der både er
billigt og enkelt at fremstille. Dette materiale har en god kemisk kompatibilitet med de fleste
organiske opløsningsmidler, men ikke med klorerede opløsningsmidler, som regelmæssigt benyttes til
lægemiddel sammenhænge. Forskningen der er præsenteret i denne afhandling, blev planlagt og
udført med det formål at udvikle en opløsningsmiddelkompatibel thiol-en-platform til hurtig og
omkostningseffektiv fremstilling af mikrovæske chips med en potentiel anvendelse i drug delivery.
Arbejdet fokuserede oprindeligt på at gøre thiol-ene-polymererne kloroform-kompatible og
muliggøre nye prototypemetoder til at lave mikrovæske chips med anvendelse i drug delivery.
Fremgangsmåden er enkel, men ikke desto mindre effektiv og den er baseret på en høj
temperaturbehandling af materialet. Behandlingen resulterer i en 50 gange stigning i materialets
kloroform-kompatibilitet og muliggør brugen af mikrovæskechips i kloroform i flere dage uden tegn
på nedbrydning.
Gennem opnåelsen af opløsningsmiddelkompatibilitet viser dette arbejde dernæst den nye
fremstilling af små, monodisperse polymælkesyre (PLA) mikrosfærer. Dette arbejde præsentere et
simpelt mikrovæskechipdesign, der kan fremstilles i alle laboratorier som arbejder med mikrovæske
systemer og som er afhængig af flowmanipulationer til at skabe dråber med en størrelse betragteligt
under typisk ansete minimumsgrænser. De producerede 1-2 µm partikler viser høj monodispersitet
og et markant indhold af magnetit-nanopartikler, og det er derfor lovende for udviklingen af en
magnetisk målrettet levering af lægemidler.
Thiol-ene er foruden dråbeproduktion især velegnet til masse udfældning af stærkt ensartede
nanopartikler. Derfor fokuserer det endelige arbejde, der er præsenteret her, på siRNA-indhold i lipidpolymer-hybrid-nanopartikler. Dette viste fremragende størrelseskontrol, som spænder fra 70-300 nm,
med meget ensartede størrelser og høj siRNA indkapslingseffektivitet (70-90%).
Resultaterne som er opnået ved denne undersøgelse, præsenterer en ubesværet metode til at
fremstille omkostningseffektive og opløsningsmiddelkompatible thiol-en-mikrovæskechips som er
meget velegnet til adskillige anvendelser og viser potentiale som alternativer til glasbaserede chips.
Med omfattende eksperimentelle resultater har de fremstillede thiol-ene-mikrovæske chips vist at
være meget effektive til fremstilling af farmaceutiske leveringsenheder i alle størrelser, der spænder
fra nano- til mikroskala.
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3. Abbreviations
ACE

Acetone

PCL

Polycaprolactone

ACN

Acetonitrile

PDMS

Polydimethylsiloxane

Bo

Bond number

Pe

Peclét number

Ca

Capillary number

PEG

Polyethylene glycol

CF

Chloroform

PETMP

Pentaerythritol tetrakis(3mercaptopropionate)

CNC

Computer numerical control

PGA

Poly(glycolic acid)

CNT

Carbon nanotubes

PLA

Poly(D, L-lactide)

COC

Cyclic olefin copolymer

PLGA

Poly(lactic-co-glycolic acid)

CP

Continuous phase

PMMA

Poly(methyl methacrylate)

CV

Coefficient of variation

PS

Polystyrene

DMSO

Dimethyl sulfoxide

Re

Reynolds number

DP

Dispersed phase

SEM

Scanning electron microscopy

EDTA

Ethane-1,2-diyldinitrilo tetraacetic acid

siRNA

Small interfering RNA

GC

Gas chromatography

TATATO

1,3,5-triallyl-1,3,5-triazine2,4,6(1H,3H,5H)-trione

HPG

Hyperbranched polyglycerol

TE

Thiol-ene

iTLC

Instant thin layer chromatography

Tg

Glass transition temperature

LPN

Lipid polymer nanoparticle

THF

Tetrahydranfuran

MMS

Magnetic microspheres

Tm

Melting temperature

MNP

Magnetic nanoparticles

TPO-L

Trimethylbenzoyldi-phenylphosphinate
(photoinitiator)

MS

Microspheres

WCA

Water contact angle

NP

Nanoparticle

We

Weber number

OSTE

Off-stoichiometric thiol-ene

φ

Flow rate ratio

viii

4. Aims and Objectives
For the production and clinical translation of drug delivery systems microfluidic-technologies have
emerged as a promising tool to solve major challenges of bulk fabrication approaches. Currently,
microfluidics holds high promise to improve the consistency and reproducibility of formulations,
increase drug loading and produce a more homogenous size distribution of micro-/ nanosystems.
Traditionally, glass microfluidic devices have been utilized due to the harsh chemical
environments often required for particle production (organic solvents such as dichloromethane,
chloroform, acetone, etc.). While inherently solvent compatible and inert, the microfabrication of
glass is quite cumbersome, costly and requires the use of dangerous etching steps that most
fabrication laboratories tend to forgo.
The aim of this thesis is to (1) use an alternative microfluidic material, thiol-ene polymers,
that while easy to fabricate and offer a long list of advantages, are inherently poorly suited for certain
pharmaceutical applications (Figure 4.1A). The major shortcomings of the material for drug carrier
production include a mildly hydrophobic surface and poor chlorinated solvent compatibility.
The first step of the work includes the (2) improvement of thiol-ene polymers (Figure 4.1B).
Here, a robust super-hydrophilic coating was optimized, and the material rendered chloroform
compatible; both improvements critical for micro- and nanocarrier production. Moreover, the research
laid a foundation for countless experimental investigations and innovations where hydrophilic
surfaces or solvent compatibility are required for optimum performance.
Finally, thiol-ene microfluidic chips were used for a wide variety of (3) pharmaceutical
applications (Figure 4.1C). For this, 70-300 nm siRNA loaded nanoparticles and 1-20 µm magnetic
microspheres were produced, showcasing the utility and versatility of the improved material.
In summary, the thesis is built on the hypothesis that “thiol-ene microfluidic chips are the
optimum material for all-sized drug carrier production.” As an interdisciplinary research field, this
thesis ranges from materials chemistry to pharmaceutical formulation development in order to
support the hypothesis and showcase the utility of polymeric microfluidic chips in the pharmaceutical
sciences.

Figure 4.1. Summary of thesis aim and objectives. The primary aim is to A) take a problematic polymer for pharmaceutical
applications with poor wetting and poor solvent compatibility and B) solve these challenges and produce an optimum material
with a hydrophilic surface and high solvent compatibility. Finally, C), showcase the utility of the material for virtually all-sized
drug carrier production from 70 nm to 20+ µm in size.
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5. Introduction
5.1. Drug delivery systems

The efficiency of therapeutics relies both on the effectiveness of the drug as well as the adequacy of
the delivery system (carrier). Polymer and/or lipid-based drug delivery systems (both nano- and
microparticles) can be used to improve the solubility and chemical stability of the drug, control drug
release, increase the local concentration of the drug, reduce dosage intervals, and minimize side effects
such as toxicity or immune responses [1, 2].
Drug delivery systems serve an important therapeutic and diagnostic utility in the clinic.
Albeit, effective synthetic approaches are necessary to improve their consistency and reliability, but
also to further development. For the most part, current approaches have some shortcomings,
including batch to batch variation, suboptimal drug loading, as well as a broad size distribution that
may poorly impact the release kinetics of the drug [3]. To combat some of the challenges, significant
research efforts are placed into advanced materials development and synthetic approaches; the latter
of which pertain to the work presented here.
5.1.1. Micro- and nanoparticles
Micro- and nano-drug formulations are classified depending on particle size. Microparticles can refer
to diameters slightly less than 1 µm and up to 100 µm or more, while nanoparticles are often between
10 and 1000 nm [5]. At all these size ranges, there are various drug delivery systems in place, giving
rise to different properties in terms of drug loading, release or even respond to a physiochemical
environment (Figure 5.1) [4]. For example, micro- or nanocapsules can be formed where the drug is
surrounded by a layer of polymer/lipid material such that a drug reservoir system is created.
Alternatively, the drug can be dispersed in the polymer/lipid matrix, forming a micro- or nanosphere.

Figure 5.1. Schematic illustration of various drug delivery sytems’ shapes and morphologies. Each system offers unique benefits
such as release properties. Figure adapted, under CC BY 4.0 from [4].
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A drug may be covalently linked to a polymer, forming a polymer-drug conjugate. Using a single
lipid structure, the drug can be packaged into micelles, or liposomes if a bilayer is used. Finally,
hydrogels may be used, which are crosslinked hydrophilic polymers with a high-water content.
The size of the drug delivery system affects its optimal mode of administration and
biodistribution properties. A simplified graph of approximate particle diameters, their administration,
and target sites are shown in Figure 5.2. Clinically, submicron particles are often intravenously (IV)
[6]. Here, inorganic colloidal particles of a few tens of nanometers are often used for diagnostic imaging
while similar-sized 10 - 50 nm lipid nanoparticles (LNPs) are taken up by the reticuloendothelial
system, for example by macrophages in the liver [7]. Slightly larger nanoparticles (NPs), 50 - 200 nm
in diameter tend to be long-circulating and particularly appropriate for a tumor or brain delivery of
drugs [7]. A few-micron diameter is the cut-off size for effective IV circulation of microspheres; albeit,
microspheres are seldom IV injected clinically. Theoretically, by avoiding high local concentrations,
any potential lung capillary blockage can be circumvented [8, 9]. Based on in vivo intravenous
administration of microspheres in beagles, 3-4 µm particles successfully bypass the fine lung
capillaries and get cleared through the liver and spleen [6, 10]; therefore, they can have future clinical
utility. Currently, larger micron size regimes are mainly limited to intramuscular/subcutaneous
administration or inhalation. For intramuscular administration, particle diameters are between 0.55 µm, though findings show that 0.5-1 µm yields the lowest level of muscle damage [11] and may be
the optimum size. For the inhalation of aerosols, particle diameter determines the deposition site
within the respiratory tract. Smaller particles (1-5 µm in diameter) deposit in the bronchi and alveoli,
while larger particles (between 8-20 µm) deposit within the upper respiratory tract, often the throat
and nasal cavity [12]. Finally, large hundreds of microns or macroscopic drugs are suited for oral or
localized delivery [13, 14].
Therapeutic and diagnostic particles of all sizes find importance in the clinic. Some examples
of nanoparticles include Abraxane® [15] (albumin-bound paclitaxel formulation for cancer treatment)
and Onpattro® [16] (LNP for the treatment of hereditary transthyretin amyloidosis). For
microspheres, examples include OptisonTM [17] (3-4 µm protein particles used as a contrast agent
for ultrasound) and TheraSphere® (yttrium-90 glass microspheres for nonresectable liver tumors)
[18].

Figure 5.2. Approximate particle diameters for targeted organ delivery through various administration routes. Plotted based on
information in ref. [19].
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Figure 5.3. Molecular structures of commonly used biodegradable polyesters: poly(lactic acid), poly(lactic acid-co-glycolic acid),
and poly (ε-caprolactone).

5.1.2. Biodegradable polymers for drug delivery
While there are many natural polymer delivery systems, such as protein-based (e.g., collagen) or
polysaccharide-based (e.g., chitosan), for this work, the discussion will be limited to biodegradable
synthetic polymers. For in vivo administration, a critical aspect is biodegradability and
biocompatibility of the materials. For polymers, biodegradability means that when broken down to
its monomers, the material is non-toxic and can be cleared from the body without side effects. A
biocompatible polymer may not necessarily be biodegradable but does not show any negative in vivo
side effects or inflammatory responses [20].
A very common class of synthetic polymers used in drug delivery are poly(α-esters) that contain
an aliphatic ester bond, whose hydrolysis yields polymer degradation, from shorter polymer chains
finally yielding CO2 and water. The molecular structures of these polymers are shown in Figure 5.3
for reference. The first discovered biodegradable polymer for drug delivery applications was
poly(glycolic acid) (PGA), a hydrophilic and highly crystalline polymer [21]. However, due to its
drawbacks, including relatively rapid hydrolysis into glycolic acid and insolubility in most common
solvents, its research use is limited [22].
In lieu, poly(lactic acid) (PLA) is commonly used, as the added methyl group in the backbone
makes it more stable and resistant to rapid hydrolysis. Like all poly(α-esters), PLA is degraded
through hydrolysis, though here into lactic acid. Moreover, PLA can be easily derived from renewable
resources such as corn starch or sugarcane, making it widely accessible. Lactic acid is optically active
(i.e., chiral) and can exist as an L or D enantiomer. The fraction of each enantiomer within PLA
determines some significant properties for drug delivery purposes. For example, poly (L-lactic acid)
(PLLA), containing at least 93% of the L enantiomer, is semi-crystalline, has a higher glass transition
temperature (Tg), and at equal molecular weight degrades slower than the amorphous poly (D,Llactic acid) (PDLA) [23]. Therefore, some considerations can be made during the drug delivery system
optimization process.
The copolymer of PLA and PGA is poly(lactic-co-glycolic acid) (PLGA), which is often
preferred over the homopolymers of its constituents. By using PLGA, a high degree of control can
be achieved over the delivery system’s properties, particularly by varying the ratio of PLA to PGA
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and their molecular weights. The aforementioned parameters can modulate the degradation rate
(impacting the drug release kinetics), hydrophobic/hydrophilic balance (which may impact drug
loading) and final particle size.
The final commonly used polyester is polycaprolactone (PCL), which is semi-crystalline and
has a uniquely low Tg of about -60 °C. This makes the polymer soft at room or body temperature,
which does limit its use for drug delivery systems. However, PCL is often synthesized in combination
with PLA for example, yielding better mechanical properties, such as a Tg of 170 °C.
In summary, synthetic polyesters have some significant advantages as drug delivery materials.
Notably, these include FDA approval and due to their synthetic nature, consistent degradation rates
and physicochemical/mechanical properties.
5.1.3. Lipids for drug delivery
In addition to polymers, lipids find exceptional utility in drug delivery, particularly for the delivery
of nucleic acids. The previously mentioned poly(α-esters) are particularly suited for the delivery of
hydrophobic or positively charged molecules, due to their hydrophobic and anionic nature. Hence,
their use is limited for applications such as nucleic acid delivery, mostly showing little to no
encapsulation. Relevant to this thesis is the production of NPs for the delivery of small interfering
RNAs (siRNAs). For this, cationic lipids can be used to fabricate liposomes or lipid nanoparticles

Figure 5.4. Common commercial lipids and novel lipidoid used for nanoparticle mediated nucleic delivery. Structure of common
A) cationic lipids with a permanent positive charge, B) helper lipids, and C) lipidoids. Lipidoid 304O13 published in ref. [24] and
Lipidoid 5 in ref. [25]. Figure adapted from ref. [26], under CC BY 4.0.
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that complex exceptionally well to the negatively charged siRNAs due to electrostatic interactions.
A few conventional and commonly used cationic lipids are shown in Figure 5.4A and include DOTMA
and DOTAP. However, these liposomes often have a highly positive surface charge that yields
unwanted interactions with serum proteins and can induce an immune response, both resulting in
rapid clearance from the blood [27]. Therefore, to stabilize cationic lipid-based delivery systems,
neutral “helper” lipids such as cholesterol or DPSC added (Figure 5.4B). The addition of these helper
lipids further enhances cellular uptake and aims to reduce some of the negative biological effects and
interactions.
A particularly interesting approach to nucleic acid delivery is utilizing both polymers and lipids
to mitigate some of the shortcomings of lipid-only delivery systems, especially their biocompatibility.
One approach is to decorate the surface of PLGA NPs with conventional cationic lipids, such as
DOTAP [28] or a combination of cationic and helper lipids [29]. Here, the PLGA matrix further
protects from degradation and provides for the sustained release of the nucleic acids [30]. Such
systems are termed lipid-polymer hybrid nanoparticles, or LPNs for short.
Special “lipid-like” molecules (called lipidoids) [31] can further tailor delivery vehicles and
increase the efficacy of drug delivery by allowing for the use of custom structural features and
functional groups. Screening of lipidoids has been shown to reduce siRNA dose requirements in vivo
from 1 mg×kg-1 to 0.01-0.03 mg×kg-1 [32]. For example, features such as more than two amines per
molecule can enhance the delivery of siRNA to HeLa cells [31]. Another important feature of lipidoids
(as opposed to conventional cationic lipids), is the lower propensity to form micelle-like structures
with endogenous anionic lipids that can disrupt cell membranes, often contributing to toxicity.
Moreover, without a permanent positive charge (unlike DOTMA and DOTAP), and a lowered pKa,
lipidoids are less likely to induce ROS formation both in vivo and in vitro, resulting in cell apoptosis
[33, 34]. Two examples of lipidoids are shown in Figure 5.4C; “Lipidoid 5” being a primary component
in the formulation used in this thesis.
5.2.

Bulk and microfluidic fabrication approaches

5.2.1. Common fabrication technique: nanoprecipitation
Nanoprecipitation, also known as solvent displacement or interfacial deposition is one of the first
approaches developed for loading drugs within polymeric nanoparticles. The first account of
nanoprecipitation was published by Fessi et al. [35], upon which the method has gained traction as
a rapid, efficient and highly reproducible method for nanoparticle production without the use of toxic
solvents and without requiring high energy input [36]. The method relies on the rapid mixing of the
polymer/drug dissolved in an organic solvent with a non-solvent of the materials (Figure 5.5). The
two solvents are miscible (e.g., acetone and water), while the solutes (i.e., the polymer/lipid/drug)
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Figure 5.5. Nanoprecipitation for NP production. Bulk nanoprecipitation by combining the solvent and anti-solvent under moderate
stir speeds.

are freely soluble in the solvent but insoluble in the non-solvent. Commonly for drug delivery
purposes, the nonsolvent is water, although surfactants may be used to stabilize the formed particles.
On a molecular level, the process includes three steps, particle nucleation, molecular growth,
and aggregation or stabilization, with the rate of each of the steps determining the final particle size
distribution (for a theoretical discussion on the mechanism see [37]). As the organic solvent and the
aqueous non-solvent mixes through diffusion, the supersaturation of the solutes drives nucleation
[38]. Supersaturation occurs when the solution contains more solute than what is capable of being
dissolved or a concentration beyond the equilibrium saturation value. Precisely, the mixing between
the solvent and the non-solvent decreases the solvent potency to dissolve the solutes, hence placing
the system in a supersaturated state. Subsequently, to gain thermodynamic stability, the onset of
nucleation occurs [39]. Nucleation stops once the solute concentration is reduced below the critical
supersaturation concentration. At this point, the primary nuclei enter the “growth phase,” and grow
through condensation, that is through the deposition of solute molecules. Additionally, aggregation
may occur if sufficient attractive forces are present (such as hydrophobic or Van der Waals
interactions). If steric or electrostatic repulsions between the NPs are not sufficient to avoid
aggregation, surfactants or other stabilizing molecules may be used to combat the issue and reach a
stabilized state.
As opposed to forming an emulsion (see below), nanoprecipitation is a simple one-step
preparation method for various NP formation. However, the method shows limitations when the drug
and matrix are incompatible for high loading, such when hydrophilic drugs are aimed to be loaded
within a hydrophobic matrix. For this, a double-emulsion-solvent-evaporation method is suited.
5.2.2. Common fabrication technique: emulsion−solvent evaporation
For the preparation of both micro- and nanoparticles, emulsion−solvent evaporation is one of the
most common approaches, though many alternative approaches do exist. Some alternatives for
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Figure 5.6. Bulk single and double emulsion micro- nanoparticle fabrication approaches. A) In a single, two non-miscible liquids,
a solute containing organic/dispersed phase and an aqueous continuous phase are stirred or ultrasonicated to yield droplets. Upon
solvent evaporation the condensed particles are recovered. B) In a double emulsion, first a primary (W/O) single emulsion is
formed, by stirring or ultrasonication of an aqueous phase into an oil phase. This phase is then inverted by the addition of larger
volume of an aqueous solution, forming a W/O/W solution upon stirring or sonication. Upon solvent evaporation the condensed
particles are recovered.

polymeric microparticles include spray drying and phase separation, and for nanoparticles include
thin-film hydration (particularly for liposomes). In general, for the emulsion−solvent evaporation
method, the polymer/lipid/drug is dissolved in an organic solvent, then solute-rich droplets are
generated in an immiscible fluid. After the evaporation of the solvent, the condensed particles can
be recovered.
The generation of a single emulsion is rather simple and requires only the mixing of two
immiscible phases: a dispersed phase (often an organic solvent such as chloroform or
dichloromethane) with a continuous phase (often an aqueous surfactant solution; Figure 5.6A). The
fundamental methodology to obtain either size regimes is the same; though varying levels of “energy”
are placed in the system to yield the appropriate size. More specifically, for micron-sized emulsions,
low-energy agitation such as stirring of the two phases is sufficient. However, nanoemulsions require
a much greater energy input, which can be achieved by using a probe ultrasonicator. The success of
drug

encapsulation

within

the

polymer/and

or

lipid

matrix

depends

largely

on

the

hydrophobicity/hydrophilicity of the drug; although, if applicable special interactions (such as
electrostatic interactions) can drastically enhance drug loading. For example, water-insoluble drugs
when dissolved with PLA/PLGA can be easily incorporated within the matrix once the solution is
added to the water phase. However, for the encapsulation of hydrophilic drugs, an additional
emulsification step is required.
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Here, using the double-emulsion-solvent-evaporation method, high loading of the hydrophilic
drug can be loaded within a hydrophobic matrix (Figure 5.6B). The method requires first an emulsion
of the hydrophilic drug within a polymer-containing oil phase, generating a primary water-in-oil
emulsion (as described before). This emulsion is then either added to a secondary aqueous phase or
the secondary aqueous phase is added to it, to form a water-in-oil-in-water emulsion upon agitation
or sonication. By using this approach, the drug gets entrapped within the polymeric droplets, often
showing high encapsulation efficiencies.
5.2.3. Current state-of-the-art approach: microfluidic method
The major challenges in the clinical translation of micro- and nanocarriers are issues with batch to
batch consistency and reproducibility, that is, consistently attaining a high drug load and
homogeneous size distribution. Current bulk fabrication is performed with sequential steps of the
carrier assembly, drug loading, purification, etc. leading to a significant waste of the material, as well
as a broad size distribution that negatively impact the release kinetics of the drug [3]. To circumvent
the challenges faced in bulk fabrication techniques, recent research has turned towards the
microfluidic fabrication of drug nanoparticles. Microfluidics is the interdisciplinary science and
engineering of manipulating low volumes of fluids within sub-millimeter channels, often as small as
a few tens of microns. On a practical level, the precise control and manipulation of the fluids often
occurs within a microfluidic device (microfabricated out of glass or polymers) and may entail
miniaturized or fully integrated versions of macroscale technologies (also termed lab-on-a-chip).
Microfluidic emulsion generation was pioneered in the year 2000 [40], and the use of microfluidic
mixing for the chemical synthesis of nanoparticles introduced a couple of years later [41]. Since then,
the field has opened up for the highly controlled synthesis of organic drug delivery vehicles; either
through the formation of emulsion (i.e., droplet) generation or by mixing induced precipitation.
Emulsion generation is often limited to larger (5+ µm) droplets within a microfluidic set-up;
as microfluidics often lacks the energy-input required to shear off nanoscale droplets. Albeit,
submicron emulsions have been achieved, either through an external energy input (electricity [42]),
drastically reduced channel sizes (approaching the range of nanofluidics), or precisely optimized

Figure 5.7. Illustration of microfluidic drug delivery system generators. A) Flow focusing chip for (micron sized) droplet generation.
B) Y-junction for nanoparticle synthesis. Scale bars are approximate references of the dimensions.
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channel geometries for tip-streaming (discussed below) [43]. In such cases, nevertheless, the emulsion
yield is relatively low as each droplet is generated individually as opposed to nanoprecipitation.
Schematic illustrations of two microfluidic drug delivery vehicle generators are shown in Figure
5.7 and will be discussed in extensive detail further below. Figure 5.7A shows a flow-focusing junction
for droplet generation, where two immiscible solvents are introduced, meet at a junction and the
outer phase shears off uniform droplets of the inner phase. Figure 5.7B shows a simple Y-junction
that combines two liquids where polymers and lipids precipitate out as NPs when in contact with
the non-solvent. These microfluidic devices are often small, smaller than a microscope slide and
contain channels on the scale of a human hair to a few human hairs combined. Microfluidics has the
potential to produce drug carriers with tunable size characteristics, higher drug encapsulation yield,
homogeneous particle production, and the elimination of post-production procedures such as
purification, size adjustments. Importantly, microfluidic drug generation is a continuous process,
allowing for upscaling and reducing batch to batch variation. For this reason, commercial companies,
such as Dolomite Microfluidics and ElveFlow (both primarily focusing on emulsions) or Precision
Nanosystems (focusing on nanoprecipitation) are pioneering off-the-shelf devices for drug carrier
production.
5.3.

Basic concepts of microfluidics

The significant decrease in the length scale within microfluidic channels yields unique and often
nonintuitive physical phenomena that are not present at the macroscale. In order to fully realize the
benefits of microfluidic systems, it is important to understand the unique physics on this scale and
how fluid behavior is affected.
5.3.1. Fluid flow on a microscale
The flow within a microfluidic channel can be characterized by the dimensionless Reynolds number,
Re, defined as:
&'(
(1.)
)
Where & is the density of the fluid (kg×m-3), ' the linear velocity (m×s-1), ) the dynamic shear
"# =

viscosity (Pa×s) and L (m) the characteristic length scale. The characteristic length scale, also known
as the diameter, or hydraulic diameter can be derived for each channel shape. Such that for
rectangular channels with side lengths of A and B, relevant to this thesis, L = 2AB/(A+B).
Practically, Re describes the relative strength of inertial forces over the viscous forces. In a
microfluidic channel with a small length scale (say 0.1-1 mm) and low fluid flows (0.1-10 mm×s-1), Re
usually ranges between 10−6 and 100, though often on the order of 1. This means that the viscous
forces dominate. When Re is less than 2300 the fluid flow is considered laminar, while over 2600 it
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is considered turbulent. Therefore, one of the most notable features of microfluidics is that fluid flow
is always laminar. In laminar flow, the fluid flow lines are parallel and can be thought of as layers
sliding along each other. Therefore, mixing between two different fluids occurs through passive
molecular diffusion or advection. For both cases, laminar flow reduces the complexity of molecular
kinetics and allows for predictable flow behavior of a system.
5.3.2. Single-phase flow
Diffusion occurs by the mass transfer of molecules from a region of higher concentration to a lower
concentration, which also occurs when a fluid is at rest. The driving force of this process is called
Brownian motion, which is the random motion of molecules or suspended particles in a fluid due to
collisions with other atoms and molecules, resulting in the mixing of the material. Diffusion can be
defined through Fick’s law:
,(2.)
,.
Where φ is the particle concentration (kg×m-3), x is the position of the particle and D is the diffusion
* = −+

coefficient (m2×s-1). For spherical particles, D can be obtained from the Einstein–Stokes equation:
/0
(3.)
62)"
where k is Boltzmann’s constant, T is the temperature (absolute), R is the radius of the particle (m)
+=

and ) the dynamic shear viscosity (Pa×s) of the solution. Diffusion is nonlinear and the time it takes
a species to diffuse scales quadratically with the distance covered. A simple approximation for
diffusion time is [44]:
.!
(4.)
2+
For a small molecule, the diffusion coefficient is around 10-9 m2×s-1 which on the length scale of a
3≈

microfluidic channel, means that diffusion is significantly faster with the reduced distances. This
feature of microfluidics is particularly important, as mixing and reaction times can be quite fast.
However often times even shorter mixing times are required. To do this, passive microfluidic mixers
are often implemented that can (a) yield parallel lamination to reduce the diffusion distance, or (b)
enhancing chaotic advection using special channel geometries. Microfluidic mixers are discussed more
in-depth in Section 5.5.2; however, in terms of dimensionless numbers they can often be characterized
based on the Re numbers (discussed previously) or Peclét number, Pe, defined as:
'(
(5.)
+
where u is the velocity of the fluid (m×s-1), L is the characteristic length scale (m), D is the diffusion
6# =

coefficient (m2×s-1). Pe defines the relative importance of advection (high Pe) and diffusion (low Pe)
in the mass transport associated with the mixing. Advection refers to the mass transfer of a substance
due to the bulk motion of the fluid typically in the direction of the fluid flow, (as opposed to diffusion
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which occurs at rest). Unlike the Re number, there is no characteristic magnitude of Pe number in
a given microfluidic system. Given channel sizes and flow rates, Pe can be anywhere from 10-2 to 100
or more; therefore, the calculation of Pe can be advantageous to define the relative strength of
advection to diffusion in the system. Often, however, with the small-length scales in microfluidics,
Pe number is small, making the kinetics of the system more predictable due to the dominance of
diffusion.
5.3.3. Two-phase flow – dimensionless numbers
Reynolds and Peclét number are particularly relevant for systems with a single fluid or miscible
fluids; however, for non-miscible interfacial flows (relevant to emulsions and droplets), these numbers
are rarely used.
At the interface of two immiscible liquids the most important force at play is the interfacial
tension (surface energy) which determines the behavior of the interface. There are three dimensionless
numbers pertaining to the interfacial tension: the capillary number (Ca), Weber number (We) and
Bond number (Bo). However, the most important number to define such systems is the capillary
number that takes the relative importance between viscous and interfacial stresses. The Ca number
is defined by:
)'
78 =
(6.)
γ
where ) is the dynamic viscosity (Pa·s), ' is the flow rate (m/s), and γ is the interfacial tension in
(N/m). Depending on the interaction between the viscous and interfacial forces, the multiphase flow
can be parallel streams of the two fluids, slugs of one fluid occupying the whole channel, or suspended
droplets [45]. As will be evident in the coming sections, the capillary number is critical for defining
droplet generation regimes in various microfluidic devices.
The ratio between the inertial and interfacial tension forces is the Weber number, We. It can
be important for the prediction of the disruption of an interface. We is defined by:
:# =

;'! (
γ

(7.)

where ; the density of the fluid (kg×m-3), u is the linear velocity (m×s-1), L (m) is the characteristic
length scale, and γ is the interfacial tension in (N×m-1). Due to the low fluid velocities, the Weber
number effect in the liquid-liquid system is minimal and can often be ignored. However, the high
flow velocities may become important, such as the case of a jet formation [46].
Finally, pertaining to interfacial tension, is the Bond number, Bo; although it is seldom used
when describing droplet generation systems. This compares the importance of gravitational force
(buoyancy) to the interfacial tension, and since most microfluidic droplet generators are horizontal,
the effect of the Bo number is insignificant and can be ignored.
The critical dimensionless numbers are summarized in Table 5.1 for reference. The following
sections reference these parameters both for mixing and droplet microfluidics.
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Table 5.1. Common dimensionless numbers used to describe single and two-phase flow microfluidic systems.

Symbol

Name

Re

Reynolds number

Pe

Peclet number

Ca

Capillary number

We

Weber number

Bo

Bond number

5.4.

Formula

%&'
(
&'
)" =
*
(&
+, =
γ
/&! '
." =
γ
∆/3'!
01 =
γ
!" =

Physical Meaning

Inertial force/viscous force
Advection/diffusion
Viscous force/interfacial tension
Inertial force/interfacial tension
Buoyancy/interfacial tension

Microfluidics for Microsphere Production

Droplet microfluidics manipulates two immiscible fluids in a microfluidic channel to produce a highly
controlled and monodisperse emulsion. It has applications stretched from high throughput reaction
vessels, to drug delivery vehicle synthesis. Microfluidics is a particularly suited approach for droplet
generation as it offers precise control via the prototyping of device geometries and manipulation of
the shear stresses exerted on the system to tailor the droplets for the application needs.
5.4.1. Droplet generation approaches
Fundamentally, droplet generation involves three steps: two immiscible liquids (continuous phase,
CP, and dispersed phase, DP) meet at a junction, where the interface deforms, and droplet breakup
occurs. With the confined channel boundaries created in a microfluidic set-up, various channel
geometries have been implemented to produce droplets (Figure 5.8). The most frequently employed
geometries include co-flow, cross flow and flow focusing.
Co-flow is one of the earliest droplet generation approaches, with initially relying on two
coaxially aligned capillaries in 3D space to shear off droplet, depicted in Figure 5.8A [40]. However,
the principle can be translated into 2D channel a microfluidic device for consistency and ease of
fabrication through standard soft lithography [47]. Generally, the droplets produced via co-flow are
rather large, often larger than the dispersed phase channel diameter, though characterized by high
uniformity and monodispersity. Droplet size can be reduced if the system can withstand higher
continuous phase flow rates (and associated backpressures). Particularly, jetting [46] and even tipstreaming [48] have been achieved using coaxially aligned capillaries, yielding far smaller droplets,
even in the few micron ranges.
A cross-flow geometry is most often implemented as the perpendicular joining of two channels
(called a T-junction), where droplets shear-off at the junction (Figure 5.8B). Though, other angles
(θ) below or beyond 90° would adhere to the method. It is important to note that the variation of
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Figure 5.8. Illustration of droplet generation with different approaches: A) co-flow B) cross flow via a T-junction, and C) flowfocusing geometries.

the angle can influence droplet size at a given Ca number [49]. The T-junction was first implemented
by Thorsen et al. in 2001 to produce monodisperse water droplets within an oil continuous phase
[50]. Since its introduction, the method gained traction for its simplicity of fabrication through
standard soft lithography approaches for monodisperse droplet formation. Due to the simplicity of
the system, a ‘special feature’ of T-junctions is the ease of upscaling by the parallelization of the
inlets. In one example, the authors used 128 cross-junction units to produce 0.3 kg×h-1 acrylic
microspheres with a CV of 1.3%, highlighting the utility of the T-junction approach [51].
Flow-focusing devices are often used for the production of small droplets. Here, the dispersed
phase is hydrodynamically focused by the continuous phase (hence the name of the device), where
the elongated fluids are passed through a constriction, termed the “orifice” (Figure 5.8C). Flowfocusing was first introduced utilizing glass capillaries [52, 53], termed 3D axisymmetric flow-focusing
devices. While the axisymmetric devices offer the advantage of the continuous phase fully enclosing
the dispersed phase, and avoid wetting problems [54], due to fabrication difficulties their use is
limited. The wide-spread utility of flow focusing came about after the introduction of 2D, softlithography-based devices by Anna et al. 2003 [55].
5.4.2. General considerations, solutions and flow rates
As mentioned in the previous section, when dealing with two immiscible liquids in a microfluidic
channel, Ca is the most important parameter to predict droplet break-off. Above a system dependent
(due to unique geometries and solutions) critical capillary number (CaCRIT), droplet break off occurs.
Additionally, the capillary number is predictive of the droplet size, such that the droplet size
inversely proportional with CaCP. Practically, when producing droplets under constant fluids, Ca is
influenced by u, that is the implemented flow rates. Therefore, the higher the continuous phase flow
rate, the smaller the resulting droplets are. This can be illustrated with the following equation [56,
57]:
η$% (0)'$% "#
γ$% (0)
+(0) ∝ 78"# = ?
A =?
A
γ$% (0)
η$% (0)'$%

(8.)

where T is the temperature (K), D is droplet diameter, η is the dynamic viscosity (mPa·s), uCP is
the flow rate (m/s), and γ is the interfacial tension in (N/m). Here it is important to consider that
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Figure 5.9. Illustration of droplet generation modes in a 2D flow focusing device. The regimes include A) squeezing, where the
dispersed phase fully blocks the junction and is geometry controlled; B) dripping, that yields particles smaller than the orifice and
is CaCP controlled; C) Jetting; where the droplets break up from an elongated thread due to Rayleigh-Plateau instability; D) Tipstreaming; often characterized by a very long and thin thread, from which highly uniform sub-micron to few micron sized droplets
shear-off in a Taylor-cone-like configuration; E) Tip-multi-breaking, in which droplets with sequentially smaller diameters break
off in a geometric pattern.

in addition to the CP flow rate, both viscosity and interfacial tension can become critical. Particularly
if temperature changes occur, both the viscosity and the surface tension decrease with increasing
temperatures; although at variable rates. Based on the inverse relationship between CaCP and droplet
size, increasing the viscosity of the CP yields smaller droplets at a given flow rate. This can be
explained by a relative increase in the shear force exerted on the DP over the interfacial force [58].
Besides CaCP, the ratio between the two capillary numbers CaCP/CaDP is inversely proportional
to droplet size. This implies that the larger CaDP, the larger the particles; therefore increasing the
flow rate of the dispersed phase, or increasing its viscosity yields larger droplets. For poly(α-esters)
droplets (i.e., PLA or PLGA) in a water phase (O/W emulsion), the polymer solution is a viscoelastic
fluid. Here, higher viscosity of the polymer solution can be varied by the polymer concentration and
its molecular weight to modulate droplet size. As a side note, the elasticity of the solution may
produce elongated filaments at the tailing end of the droplet, resulting in the formation of secondary
droplets called satellites. The number and polydispersity of the satellites were found to be dependent
on the viscosity ratio between the dispersed and continuous phases [59].
5.4.3. Droplet generation regimes
Broadly, there are five droplet generation regimes: squeezing [60], dripping [40], jetting [61], tipstreaming [62], and tip-multi-breaking [63], illustrated in Figure 5.9. The first three have been
observed in all of the previously discussed droplet generation devices; however, the last two have not
been reported in cross-flow T-junctions yet [64]. In general, the droplets formed in squeezing are the
largest (larger than the dispersed phase channel diameter) but highly monodisperse. Dripping results
in smaller particles, smaller than the DP channel and also highly monodisperse. Jetting is quite
polydisperse, though the droplets can be quite small. Tip-streaming results in very small particles,
often in the few microns, or even sub-micron range; and tip-multi-breaking results in a polydisperse
sample, though the droplets are sequentially smaller during formation. Transitioning between the
different modes is achieved by changing the dispersed or continuous phase capillary numbers (albeit,
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in the same system the linear velocity would be the only variable changed). By calculating the
capillary numbers of each fluid, regime estimations can be made by comparing the Ca values to the
phase diagram shown in Figure 5.10.
Squeezing mode occurs at very low continuous phase capillary numbers (CaCP < 0.002 for Tjunctions [65], or CaCP < 0.1 in flow-focusing devices [63]). For all three droplet generation devices,
the dispersed phase fluid completely obstructs the junction and halts the continuous phase fluid flow.
The obstruction yields pressure build-up in the continuous phase fluid, and when the pressure is
larger than the pressure inside the dispersed phase, the droplet is deformed and “squeezed” until
break-off. This break-off regime is geometry controlled, as the resulting droplet is confined by the
channel walls. In the flow focusing example in Figure 5.9A, the droplet is fully constrained by the
orifice, yielding an oblong plug initially, rather than a spherical droplet. Due to the low capillary
number, the flow rate of the continuous phase does not affect droplet size given the flow rate is
higher than that of the dispersed phase. Hence, in this regime, the size of the droplets formed is
primarily controlled by the geometry of the channels and the viscosity ratio (λ) of the fluids rather
than their flow rate ratio (φ) [66, 67].
When the Ca of the continuous phase is increased (0.1 < CaCP < 0.3), the droplet generation
regime is transformed from squeezing to dripping [68] (Figure 5.9B), where viscous forces that deform
the interface overcome the interfacial tension effects that stabilize the droplet from breaking up.
Unlike in squeezing, in the dripping regime the emerging droplet no longer blocks the junction/orifice
(that yields the alternating pressure build-up and release cycle); therefore, the droplet diameter is
controlled by CaCP, such that increasing CaCP yields smaller particles. Practically, increasing the CP
flow rate or increasing the viscosity of the continuous phase yields smaller particles. Here, the droplet
diameter is smaller than the channel diameter and is flow rate dependent. In order to predict the
droplet size, solving a 3rd order polynomial is required for T-junctions [40] and a 4th order polynomial

Figure 5.10. Phase diagram of DP and CP capillary numbers and resulting droplet generation modes. Data observed in a
microcapillary flow-focusing device. Figure reprinted with permissions from ref. [63] Copyright 2015, Springer Nature.
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for flow-focusing devices [69]; however, both essentially compare the ratio between the shear stress
and surface tension forces (which are analytically determined) to the systems capillary number.
Instead of theoretical calculations, droplet size can be experimentally measured at various flow rates
and plotted against CaCP for a better understanding.
Further increasing the capillary number (either CaDP or CaCP), dripping to jetting transition
occurs as shown in Figure 5.9C. Here, an extended liquid thread of the dispersed phase appears that
breaks into droplets of a broad size distribution due to the Rayleigh-Plateau instability. The extended
liquid thread will exhibit perturbations at the interface with unequal pressures depending on the
radius of the thread (Figure 5.11). Using the Young Laplace equation, we can derive that the pressure
is the ratio of the surface tension and radius (p = γ / r); therefore, the pressure will be higher at the
smaller radius regions, resulting in droplet break-off. In terms of dimensionless numbers, jetting can
be defined by CaCP + WeDP ≥ 1 [46]. In a flow-focusing device, jetting can be defined in a couple of
ways based on the length of the thread. Either as three or more times longer than the width of the
orifice [66]; or shorter than 20h, the characteristic length scale [70], beyond which another generation
mode (tip-streaming) would be appropriate.
Tip-streaming is a particularly interesting generation mode; it has been observed only in coflow and flow-focusing devices (Figure 5.9D). Tip-streaming is a promising approach to forming small
droplets (can be smaller than 1/20th of the orifice in a flow-focusing geometry) and potentially submicron emulsions without employing nanofluidic channels [43]. It was first observed in a planar flowfocusing geometry at very high flow rate ratios (flow rate ratio (φ) > 1/300) and at high surfactant
concentrations, where the surfactant concentration is greater than 0.5 of the critical micelle
concentration (CMC) [62]. Tip streaming can be characterized by a Taylor cone-like tip that is caused
by the accumulation of surfactants near the tip of the structure under the strong shear stress,
dropping the local surface tension to near zero. Because of this, surfactant concentration was deemed
to be critical until simulation works showed the possibility of surfactant-free tip streaming in a similar
Taylor cone-like fashion [71]. Under proper conditions, a long, thin thread can be drawn from the tip
of the Taylor cone which then breaks up into droplets less than a few micrometers in diameter [7173]. Stable tip-streaming is highly geometry dependent; such that iterative geometry prototyping is
necessary to achieve stable flow [43, 73]. Other dimensionless number considerations include a low
Re number, Re << 1 such that creeping flow conditions are in place [74]; though as seen later in

Figure 5.11. Basic schematic of Rayleigh-plateau instability in jetting. Left: the liquid thread exhibits perturbations at the interface
with unequal pressures in the direction of the convex side. Right: Smaller radii exhibit higher pressure, while larger radii lower
pressure, resulting in droplet break-off.

- 17 -

Section 6.3.2 or Appendix II, low Re may not be required. Figure 5.10 depicts the Ca number

considerations in a flow-focusing geometry, such as the CaCRIT for the CP is between 0.5 - 0.7, with
three to four orders of magnitude smaller CaDP. However, recent findings show that the viscosity
ratio (λ) is a more important determinant of the CaCRIT, than the flow rate ratio (φ) in tip streaming
[48]. Below the observed λ-dependent CaCRIT shows unstable threads and polydisperse droplets.
The final droplet generation mode applicable to co-flow and flow-focusing devices is tip-multibreaking, shown in Figure 9E. The generated droplet population is polydisperse, though the sizes of
the droplet clusters obey a regular distribution with a common factor for the diameter reduction [63,
75]. CaCRIT is shown in the phase diagram as CaCP is between 0.35 to 0.63. The polydisperse nature
of the droplets is often not applicable for pharmaceuticals, hence this regime is not discussed further.
5.4.4. Practical considerations for microfluidic device
With the high surface area to volume ratio in microfluidics, the surface properties need to be closely
controlled. For droplet formation, the continuous phase has to preferentially wet the surface, while
dispersed phase wetting should be disfavored [76]. This means for an oil-in-water emulsion hydrophilic
contact angles, while for a water-in-oil emulsion hydrophobic contact angles are required. For glass
and silicon-based chips treatments such as salinization and siliconization can be used to produce
hydrophobic surfaces [77, 78], or oxygen plasma can offer a transient hydrophilic surface for the
inherently hydrophobic PDMS (and other hydrophobic polymers) [79, 80].
The mechanical properties of the device material can be important for achieving
monodispersity. For example, the deformability of PDMS has been shown to adversely affect the
efficiency of droplet generation and yields to worse size distributions [81]. The authors found that
the deformation-induced changes in the cross-sectional geometry of the channel were the main reason
for the increased polydispersity. Along with this note, oscillations in the fluid flow rate primarily
caused by the stepper motor in syringe pumps can negatively affect size distributions as well; hence
pressure driven pumps are recommended.
A final consideration for the material is its compatibility with the chosen organic solvents or
oils used for droplet generation. Most polymeric materials have limited compatibility with harsh
solvents, so milder solvent alternatives might be an option. For example, dimethyl carbonate has
been used instead of chlorinated solvents for the production of PLGA microspheres in a PDMS
microfluidic chip [82].

5.5.

Microfluidics for Nanoparticle Production

Nanoprecipitation, as discussed previously in Section 5.2.1, relies on solvent displacement through
rapid mixing to precipitate out the dissolved solutes and form NPs. Performing nanoprecipitation
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Figure 5.12. Nanoprecipitation. Microfluidic nanoprecipitation in a straight channel facilitated by diffusion.

within a microfluidic channel allows for exquisite control of the solvent/solute interaction. A
schematic illustration of nanoprecipitation in a simple straight channel is shown in Figure 5.12. Here
the non-solvent and solute containing solvent phase combine, and through diffusion yield the steps
of nanoprecipitation, namely nucleation, growth, and stabilization. The initial concept was first
shown in 2008 by the hydrodynamic focusing of PLGA-b-PEG in acetonitrile and water [83], since
then a range of microfluidic mixing devices have been implemented in order to provide for a
homogenous environment for NP growth. While the mixing rate is critical (with passive mixers
discussed later), other formulation parameters particularly relevant to the final nanoparticle size are
discussed in this section.
5.5.1. Influence of the operating conditions
In order to obtain the desired sized nanoparticles through nanoprecipitation, several parameters
should be carefully considered. For this section, the studies referred to generally focus on polymeric
nanoparticles; as nanoprecipitation is most well studies in these systems. The most important
parameters concerning the particle size are summarized in Table 5.2.
It is well understood that the concentration of the dissolved solutes in the solvent phase
modulates size by varying the diffusion rate and modulating the diffusion coefficient through the
changing viscosity of the solution (applicable to polymers). Consequently, increasing the solute
concentration yields higher viscosities and more material to diffuse, which in turn increases the
diffusion coefficient and lowers the diffusion rate yielding larger particle sizes. The diffusion rate
(Fick’s law) and diffusion coefficient (from the Einstein–Stokes equation) was introduced previously
in Section 5.3.2.
A particularly interesting parameter is the polymer molecular weight. Most studies show that
increasing the molecular weight yields larger particles, due to increasing the viscosity of the solution
[84-86], for example, in a microfluidic set-up, the obtained sizes of PLGA particles are 25–60 nm for
PLGA45K and 50–100 nm for PLGA95K. However, in PCL particles the opposite was found; increasing
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the molecular weight yielding smaller particles [87]. The authors postulate that the higher molecular
weight polymer has a lower solubility in the acetone/water system, hence yielding more rapid
precipitation and smaller sizes. Interestingly, polymer molecular weight may influence more than just
the size. For example, it was shown that the molecular weight influences particle yield, such that
each system may have an “optimum” molecular weight for maximal output [88].
The choice of solvent is critical to consider for particle size modulation, the solubility of the
polymer (and or lipid/drug), and even drug loading efficiency. In an aqueous system, increasing the
solvent polarity index yields faster diffusion, faster mixing, and consequently smaller NP sizes. On
this end, two or more component solvent mixtures may be used to modulate particle size, such by
the addition of a highly polar (or apolar) solvent depending on the desired size range. To note, Figure
6.15A in the Results and Discussion investigates solvent polarity and particle size for the LPN system.
A similar investigation for other hybrid systems is shown in ref. [89]. A highly comprehensive study
on a large range of solvent for PLGA NP formation was carried out in ref [90], particularly with the
aim of loading hydrophilic proteins within the hydrophobic matrix. Here, in addition to the authors
showing the effect of polarity on particle size (e.g., the addition of acetone to tetrahydrofuran (THF)
yields smaller particles than THF alone); the authors increase protein loading within PLGA by
replacing the aqueous non-solvent to alcohols. Similarly, here and also in ref. [91] Dimethyl sulfoxide
(DMSO) is shown to be advantageous to load hydrophilic drugs through nanoprecipitation. Overall,
it is critical to investigate and determine the most optimum solvent choice for the system as it may
influence the solubility of the materials (important for loading considerations) as well as the final
size of the NPs through diffusion variation.
Another consideration for size is the ratio of the solvent phase to the organic phase. As before,
the ratio influences diffusion time, which is by varying the concentration gradient considered for
diffusion. As the volume of the aqueous phase is increased (or the volume of the solvent phase is
reduced), the diffusion time for the two phases reduces, yielding smaller NPs.
The final parameter for size modulation is the mixing rate, which in bulk nanoprecipitation is
simply varied by changing the magnetic stirring speed and modulating shear mixing, effectively
increasing diffusion [92]. In a microfluidic channel, the mixing rate can be efficiently modulated by
adding in a mixing element below the junction of the two inlet channels.
Table 5.2. Influence on operating parameters on NP size. Table modified from [93]
Parameter

Increase particle size

Decrease particle size

Polymer concentration

Increase [polymer]

Decrease [polymer]

Polymer molecular weight

Increase polymer MW

Decrease polymer MW

Solvent polarity

Decrease

polarity

(e.g.,

Increase polarity

tetrahydrofuran)

(e.g., alcohols, acetone)

Solvent to water phase ratio

Decrease water phase volume

Increase water phase volume

Mixing rate

Reduce mixing rate

Increase mixing rate
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5.5.2.Microfluidic mixing
On a large scale (i.e., macroscale), mixing occurs by the generation of turbulent fluid flow at high
Reynolds numbers (Re>2300) or by stirring and creating chaotic advection in the system. As
mentioned earlier, with small channel diameters in a microfluidic system, turbulent flow cannot occur;
therefore, mixing is facilitated through diffusion. However, countless microscale mixing approaches
have been developed to generate rapid mixing, broadly either being passive or active mixers. Passive
mixers generally rely on two principles: (a) multi-lamination of the mixing fluids in order to increase
the contact area for diffusion or (b) chaotic advection effects, which are complex fluid trajectories
(often appearing as turbulent), though highly controlled at laminar flow [94]. Importantly, passive
mixers only rely on channel geometry designs creating these effects with mixing times being between
5 – 500 ms. Active mixers, on the other hand, utilize an external energy source to fix fluids, such as
acoustic waves, magnetism, electrokinetics, and electrohydrodynamics (see reviews [94, 95]). While
active mixers are highly efficient (and particularly efficient at low Re numbers), the fabrication
complexities often make their utility limited for most microfabrication laboratories. Therefore, the
following section will focus on the utility of passive mixers in the context of nanoparticle production
within a microfluidic channel.
The first example of a passive mixer is the butterfly mixer shown in Figure 5.13A. It has the
element of splitting flows, creating multi-lamination and increasing the fluid contact area for
increased diffusion. Additionally, it includes the butterfly-shaped elements that contain abrupt flow
path shifts which yield vortex formation (i.e., chaotic advection) to effectively mix the solutions.
Similar to the butterfly mixer, it is the standard and well-known Tesla mixer (Figure 5.13B), that
relies on both splitting the flows and the coanda effect [96]. In the coanda effect fluids tend to stay
attached to the curved channel walls. For the Tesla mixer, this means one half of the liquid stream
is diverted back into the other stream such that the two fluids collide. In addition, at high Re
numbers, the shape of the channel may yield secondary flow vortices, further enhancing mixing. Tesla
mixers have been used for lipid-polymer NP production, see ref. [97].
The staggered herringbone mixer (Figure 5.13C) is by far the most well-known mixer, originally
published by Whiteside’s group in 2002 [98]. Since then various iterations of the geometry have been
used. It is a 3D mixer, such that the channels have multiple depths, which does increase the
complexity of fabrication. Here, the main fluid channel has lowered microgrooves (at various shapes
and angles depending on the iteration) but ultimately yields chaotic advection for 5-10 ms mixing
time at low Re numbers [99, 100]. It has been used for lipid nanoparticle formation in refs. [101, 102],
and the company Precision Nanosystems has based its microfluidic chip products on the design.
Convergence-divergence structures (with constrictions and expansions) cause the formation of
expansion vortices that disturb the laminar streamline while increasing the contact area between the
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Figure 5.13. Passive mixers used for nanoparticle fabrication. Example passive mixers include A) the butterfly design, B) the
Tesla mixer C) staggered herringbone D) a convergent-divergent sinusoidal mixer, and E) iLiNP device.

two fluids [95]. Two examples are shown in Figure 5.13D, E, of a sinusoidal wave design [103] and
the iLiNP device [104], though various iterations of the principles are available.
Finally, it should be noted that obstacles can represent a way of mixing at high Re >50 flow
rates. Obstacles can be presented as pillars, such that vortices tend to form after the obstacle
(creating flow recirculation). Similarly, sharp corners, elevation, edges, etc. can all yield secondary
flow formation at high Re numbers.
5.6.

Microfluidic Materials

For each of the aforementioned applications, as well as for countless others, the choice of the
microfluidic chip material becomes critical for device success and efficiency. Moreover, the material
choice may limit the fabrication approaches, or allow for unique feature integration. The following
sections focus on various commonly used device materials with a particular emphasis placed on a
unique class of plastics, thiol-enes.
5.6.1. Microfluidic materials – a brief introduction
The first account of microfluidic devices fabricated using micromachining technologies originates in
the 1970s, with groundbreaking work done developing a gas chromatography (GC) analyzer on a
silicon wafer [105], (Figure 5.14). The on-chip GC was manufactured through a series of
photolithography and etching steps, a process still relevant today. Much of the work done in the
nascent stages of microfluidics was conducted on silicon, then due to the relatively lower cost and
optical clarity, the early 1990s saw the use of glass devices with innovative work showing an
integrated capillary electrophoresis chip [106]. Similar to silicon, glass fabrication was conducted with
a series of masking and etching steps.
In addition to silicon and glass, poly(methyl methacrylate) (PMMA) and polystyrene (PS)
were among the first materials to be utilized for microfluidics; albeit, polymers only gained popularity
following the introduction of the elastomeric material poly(dimethylsiloxane) (PDMS). George
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Figure 5.14. Traditional microfluidic materials. A) Molecular structure of glass and silicon. B) Photograph and device illustration
of the GC system described by Terry et al. Reprinted with permissions, from [105]. Copyright © 1979, IEEE.

Whitesides and his group at Harvard pioneered the concept of replica molding PDMS [107, 108], by
pouring the liquid PDMS monomers over structured silicon wafers and curing the polymer to be used
as microfluidic devices. Hot embossing for PMMA structuring was also introduced in the 1990s [109],
though a silicon master mold was still utilized for this purpose.
The development of the photosensitive resin, SU-8, by IBM allowed for high aspect ratio
channel designs otherwise not achievable using masking and etching steps [110]. SU-8 was used
directly as a microfluidic device [111] or used as a mold for PDMS fabrication [112]. Combined,
PDMS and SU-8 set in motion the polymer revolution of microfluidics. Currently, there is a myriad
of approaches to fabricate polymeric chips, with innovations in materials and fabrication continuously
occurring. For example, to produce PMMA devices, techniques such as hot embossing, solvent
imprinting, injection molding, and CO2 laser ablation all can be used [113]. With the advent of 3D
printing, high resolution, commercial 3D printers are available for the sole purpose of microfluidic
device fabrication. One such printer is the “Fluidic Factory 3D Printer” (Dolomite Microfluidics) that
utilizes cyclic olefin copolymer (COC) filaments, showing good transparency, biocompatibility and
solvent compatibility.
5.6.2. Polymers for microfluidic devices
As polymers remain the most widespread material for microfluidic chip fabrication, the following
section attempts to briefly summarize some of the properties of relevant polymers. Broadly there are
two classes of polymers: thermoplastics and thermosets (including elastomers). Each class of
these materials offer unique properties, such as fabrication approaches, mechanical hardness, and
solvent compatibility. Table 5.3 offers a summary of such parameters.
Thermoplastics are not crosslinked, instead, they are made up of linear or branched chains,
and can be reshaped after being cured (Figure 5.15A). Thermoplastics rapidly soften at their
transition temperature (Tg), which allows for repeated molding by reheating the material.
Thermoplastics can be fully disordered (amorphous) or show local order (semi-crystalline).
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Figure 5.15. Two broad categories of polymers: thermoplastics and thermosets. A) Illustration of a thermoplastic structure and
example polymers. B) Illustration of a thermoset structure (note crosslinking in red) and example polymers.

Amorphous thermoplastics are hard and often brittle below their Tg; while at higher temperatures
the thermal energy allows for the chains to move, yielding a soft/rubbery material. Amorphous
polymers tend to have higher free volume, as opposed to semi-crystalline ones, which does make them
more susceptible to solvents. Semi-crystalline thermoplastics have two transition temperatures, a Tg
for the amorphous and a Tm for the crystalline regions. Due to the crystalline regions, the free volume
of these polymers is lower, allowing for lower water adsorption and better solvent compatibility than
a completely amorphous polymer. Common thermoplastics for microchips include PMMA,
polycarbonate (PC), polystyrene (PS), and polyethylene terephthalate (PET). These materials show
good mechanical strength (high Young’s modulus), relatively low water-absorption, and moderate
solvent resistivity [114]. For solvent compatibility, alcohols are generally well tolerated, though
incompatible with most other organic solvents such as ketones and hydrocarbons [115]. Moreover,
with the low oxygen permeability (see Table 5.3), prolonged cell studies may be problematic.
Thermosets, when heated or radiated, crosslink to yield a polymer network that cannot be
softened and reshaped like thermoplastics (Figure 5.15B). Like thermoplastics, thermosets do have a
glass transition temperature, at which the material softens, although the crosslinking stays in place.
Therefore, reshaping the material is not possible. A special class of thermosets are elastomers, such
as PDMS, consisting of lightly crosslinked polymer chains that stretch and compress upon external
forces, then return to their original shape when the force is withdrawn. Thermosets show better
thermal stability than thermoplastics, show better resistance to solvents (with the exception of
elastomers), and are optically transparent.
Commonalties between most widely used polymers are (a) a hydrophobic surface (b) few or no
functional groups readily available for modification and (c) often poor solvent compatibility (as
opposed to inert materials like glass and silicon). To create functional groups, which is important for
both wettability modifications and various molecule attachments (such as for bioassays), a couple of
classical approaches can be implemented. Such may be ozone oxidation and oxygen plasma treatment,
in order to generate several polar groups (e.g., hydroxyl groups, esters, ketones, and carboxylic acids)
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that can be further modified for attachment and simultaneously increases the surface energies (yields
hydrophilicity) [116]. For PDMS, these methods are quite transient lasting hours to a few days at
most. Plasma/ozone oxidation for PDMS and many other polymers can be particularly problematic,
as orders of magnitude increase in background fluorescence can occur, limiting their use for assay
development [117]. Another approach is to use highly reactive intermediates, such as free radicals,
carbenes, and nitrenes to gain functional groups [118]. For certain polymers, direct covalent
modification of the side chain is feasible. As for PMMA, the methyl-ester groups can be reacted with
amine groups, yielding amide linkage. However, this process is conducted under highly basic
conditions which may not be suitable for all applications and materials [119]. As an overarching
theme, there is a clear unmet need for a material whose surface is easily modifiable without the
transient nature of the classical approaches, or the often-harsh chemical conditions of covalent
modifications.
Table 5.3. Properties of various microfluidic device materials. Table adapted from [115]
Property

Silicon/glass

Elastomer

Thermoset

Thermoplastics

Young's modulus (GPa)

130-180/50-90

∼0.0005

2.0-2.7

1.4-4.1

Microfabrication

photolithography

casting

Smallest channel dimension
Multilayer channels
Thermostability
Solvent compatibility
Hydrophobicity
Oxygen
permeability
(barrera)
Optical transparency

<100 nm
hard
very high
very high
hydrophilic

<1 µm
easy
medium
low
hydrophobic

casting,
photopolymerization
<100 nm
easy
high
high
hydrophobic

<0.01

~500

0.03-1

0.05-5

no/high

high

high

medium to high

abarrer

= 3.35 x

10-16

(mol ·

m)/(m2

thermo-molding
~100 nm
easy
medium
moderate
hydrophobic

· s · Pa)

5.6.3. Thiol-ene polymers
A niche and rather underrepresented material for microfluidic device fabrication are thiol-enes (TEs).
Thiol-enes are a large family of thermoset photopolymers that contain two monomers: one with thiol
groups and a second with allyl (or ene) groups. UV-induced radical polymerization of the monomers
yields a highly crosslinked material. As a near-perfect “click-reaction,” monomer conversion is almost
100% and proceeds very rapidly within seconds. For a TE reaction, high-intensity UV light (or a
photoinitiator) causes cleavage of the sulfur-hydrogen bond, yielding a thiyl radicals that can react
with any non-sterically hindered allyl groups, more specifically the terminal α-carbon. The reaction
between the thiyl radical and the alkene yields a thioether (carbon-sulfur-carbon bond), with the
radical being transferred onto the neighboring β-carbon. The intermediate β-carbon radical abstracts
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a hydrogen from another thiol, which repeats the cycle in the process of polymerization. While any
non-sterically hindered allyl groups can be used, electron-rich monomers result in faster reactions.
Monomers and fabrication
This TE reaction can be implemented using a large variety of monomers in order to prepare TE
polymers (a summary of applicable monomers found in ref. [122]). The exact choice of monomers
greatly affects the polymer material properties; hence, the focus will remain on the monomers relevant
for this work, TATAO and PETMP, shown in Figure 5.16A. These liquid monomers can be used to
manufacture microscale features using well-established methods such as replica molding or injection
molding using PDMS (or other UV-transparent) molds. To produce the PDMS molds, very common
approaches of SU-8 based photolithography or micromachining (Figure 5.16B) are often
implemented. In this work, CNC-milling of PMMA plates is implemented, where the channels are
milled to create a positive “master mold” (Figure 5.16B, step 1). PDMS is then cast to make a
negative mold (step 2), into which the thiol-ene is then replica molded (step 3) and UV cured (step
4) to assemble the final microfluidic device. Assembling the microfluidic device using two halves
(channel side and lid) is straightforward. This is mainly due to oxygen inhibition of the radical
reaction near the surface of the mold, resulting in a thin, semi-cured monomer layer, allowing for a
strong bond between the two chip halves [122, 123]. The simple and highly robust device assembly
is rather unique as for many materials complicated techniques are needed, which may yield relatively
weak bonding interfaces. For example, bonding glass halves is rather difficult, solvents may be used
to bond PMMA halves, or oxygen plasma treatment is used to bond PDMS to glass.
For most applications, using polymers with the highest degree of crosslinking (and hence the
highest monomer conversion rates) is desirable to yield a robust material and avoid any potential
monomer leeching. To achieve maximal conversion, the number of thiol and ene functional groups
should be equal (stoichiometric), for the monomers here, it would require 4 mol TATATO to 3 mol

Figure 5.16. TATAO and PETMP polymerization. A) Schematic illustration of PETMP and TATAO polymerization. Figure
adapted from [120] under CC BY 3.0. B) Workflow of thiol-ene chip fabrication. Includes the milling of a master PMMA mold
and production of a subsequent PDMS mold, in which the liquid thiol-ene monomers are replica molded and cured. Figure adapted
from [121], with permissions. Copyright ©, 2013 IOP Publishing Ltd.
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Figure 5.17. The concept of stoichiometric and off-stoichiometric systems. Illustration shows both the mixture of monomers before
polymerization and the highly simplified final polymer structure.

PETMP (Figure 5.17A). However, by adding one of the components in excess, the resulting offstoichiometric thiol-ene (OSTE) can yield interesting material properties and functionalities [124].
Since in the TE reaction equal amounts of thiols and enes are consumed, any excess functional groups
remain in the bulk and surface of the material (Figure 5.17B). The remaining functional groups result
in a lower degree of crosslinking, which does modify the key properties of the material. Such include
the mechanical stiffness, such as that the Youngs modulus can vary from 250 to 1740 MPa, and Tg
from 35 to 68 °C [124], or as shown in Section 6.1, the solvent compatibility of the material. However,
the important aspect of OSTE materials is the ability to easily modify the surface of the polymer
using the rapid and mild “click” reaction, which as discussed earlier, can be quite cumbersome for
most materials. For TEs, a range of “click-based” surface modifiers are discussed in the next section
and experimental data is presented in Section 6.2, to highlight the versatility of the material.
As a side note, though not applicable to the work in this thesis, three-component thiol-ene
systems (called ternary materials) can offer further unique properties. The third monomer, most
commonly an epoxy monomer, can yield a two-step curing reaction for both the thiol-ene and thiolepoxy [125-132]. Having two steps gives rise to a flexible intermediate material that is easier to bond
and has unreacted monomers for surface functionalization. For example, after the first thiol-epoxy
cure, the partially cured device can be stored for months, which for a commercialized device can
allow for the consumer to custom functionalize the material before the final cure [133].
Material properties
As mentioned previously, a large number of monomers can be used to prepare TE polymers, which
can tailor the material properties for virtually all applications. The mechanical properties of TEs can
resemble PDMS with a low Youngs modulus and glass transition temperature, yielding an elastomer
appropriate for pneumatic valve integrations [120, 124]. For this purpose, a study varied the number
of thiol functional groups (di-, tri-, or tetra-thiol) in combination with a di-“ene” monomer to produce
elastomeric materials with 1-10 MPa moduli [134]. In addition to varying the monomer composition,
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varying the stoichiometric ratio of the monomers yields elastic moduli between 0.1-800 MPa, such
that greater thiol monomers result in lower moduli and decreased Tg values [120]. Mostly because
thiol monomers in particular often have a high degree of bond rotation, yielding a more flexible
material in excess. On the other hand, a stoichiometric ratio of the monomers TATAO and PETMP
yields glassy polymers with high glass transition temperatures and Youngs moduli [128, 129, 135,
136]. A hard polymer is particularly useful for high-pressure applications or for the case of droplet
microfluidics; as mentioned previously, flexibility in the device material can facilitate polydisperse
emulsions [81].
For solvent compatibility, thiol-enes fair significantly better than most commonly used
polymers such as PDMS, PMMA, and COCs. However, as before, the monomer composition and the
stoichiometry used greatly effects the solvent compatibility of the material [120]. Generally, due to
the correlation between Tg and the void volume of the material, more elastic polymers have an
increased susceptibility to solvents. Similarly, as storage/Youngs moduli correlate well with the
degree of crosslinking, the expected solvent resistance can be gauged from these two parameters. This
thesis focuses on great detail of the solvent compatibility of TATAO and PETMP, with an in-depth
comparison of TEs with other polymers is shown in Appendix III, Table 4 [137]. Briefly, thiol-enes
can withstand all pharmaceutically relevant organic solvents, except for chloroform and
dichloromethane, two solvents particularly relevant for PLA/PLGA microsphere production.
Potentially only PTFE (e.g., Teflon) shows such a high degree of solvent compatibility, though lacks
optical clarity and the possibility of replica molding (instead requires hot embossing). Therefore,
thiol-enes may be a better material for many solvent-based applications. An approach to modify a
variety of thiol-ene compositions is to add a filler material, such as carbon nanotubes into the prepolymer mixture. For the commercial TE, NOA-83H, carbon nanotubes reduce toluene-induced
swelling from 18.3% to 1.6% [138]. Though important to keep in mind that the resulting material
lacks optical clarity and changes the mechanical properties of the material as well.
A final important consideration for material selection is the water contact angle (WCA), as
wetting becomes a critical concern with the high surface-area-to-volume ratio in microfluidics. TEs
are mildly hydrophilic with water contact angles between 55-80° depending upon the choice of
monomers and stoichiometric ratios [80, 139-143]. Compared to PDMS (which has a WCA of around
120°), aqueous fluid flow occurs rather easily without high resistance stemming from the
hydrophobicity. For certain applications, such as droplet microfluidics, or bioassays, OSTE materials
with free functional groups can be used to easily photograft various surface modulating molecules.
While traditional oxygen plasma treatment is a valid approach [80, 139, 144], a covalent “click”
attachment is more desirable for a more permanent modification. Some modifiers include PEG
derivates (WCA 35-52° [120, 124]), acrylic acid (WCA 43° [120]) and allyl malonic acid (WCA 25°
[145]) for a hydrophilic surface. Similarly, fluorinated acrylates (WCA 102°-140° [120, 140, 146]) and
PDMS derivates (WCA 77-97° [124]) have been used for hydrophobic surface. For example,
selectively masking off device regions during the photographing of the modifiers can yield both a
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hydrophilic and hydrophobic device. Such an approach is particularly useful for producing doubleemulsion droplets on a TE chip [147].
In summary, thiol-enes show high promise as an optimal material for pharmaceutical
applications. TEs are easy to fabricate, allow for rapid prototyping, are optically clear for visual
assessment of the application and can be mechanically glassy/hard to withstand potential high
pressures. Some shortcomings of the material include the lack of chlorinated solvent compatibility, a
must-solve for PLA/PLGA microsphere production. Additionally, the native wetting property of the
material is inadequate for oil in water emulsion; though, the ability to photo-graft molecules shows
high promise.
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6. Results and Discussion
The results presented here are based on two published papers and one manuscript in preparation.
Additional unpublished data are presented in this section to further aid the discussion, as well as in
the appendices for each of the papers. The core of the project is illustrated in Figure 6.1, and can be
divided into three main parts:
(1) Microfluidic polymer modification in order to comply the material for pharmaceutical
applications. This includes (a) rendering the material solvent resistant and (b) gaining
hydrophilic wetting properties.
(2) Application of the improved thiol-ene materials for micro- and nanoparticle production.
The presented results not only open avenues for a myriad of microfluidic applications requiring a
robust chip material but also are of relevance for Pharmaceutical Sciences where the utility of
microfluidics is still in its nascent stages.

Figure 6.1. Overall summary of research results
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6.1. Establishment of solvent compatible microfluidic chip

Figure 6.2. Qualitative assessment of glass, polymer and thiol-ene microfluidic materials with respect to physico-chemical
properties and fabrication possibilities.

Harsh solvents are used in many laboratory-based applications, particularly in pharmaceutical
research and development, such as for the production of drug carriers, solvent-based extraction, or
purifications and separation. Miniaturization of such processes generally relies on glass microfluidic
chips due to the inherent inert properties of glass. The following two sections focus on the material
improvements made to thiol-enes and aim to make the case that thiol-enes are a viable alternative
material for glass microfluidic chips. As illustrated in Figure 6.2, thiol-enes can be on par with glass
in terms of being as inert, rigid, chemically resistant, hydrophilic and biocompatible. However, thiolenes are orders of magnitude easier to fabricate and create complex designs, all-while maintaining a
cost-effective price point.
Thiol-enes, like most polymers, show significant deformation to solvents, in particular to
chloroform. To assess swelling in response to solvent exposure, microfluidic chips with a single 500
µm wide and 200 µm deep channel were fabricated, through which the solvent of choice was pumped
across at 10 µL/min flow rate. As the bulk material swells in response to solvent exposure, the
channel narrows which can be monitored using a microscope. The channel width decreases in percent
(for simplicity, we will refer to this as “% swelling”) can be defined by the following equation:

Figure 6.3. Bulk material composition plays a critical role in chloroform resistance properties. A) Varying ratio of thiol and ene
monomers with 0.5% TPO-L were exposed to 1-h chloroform after 10 min UV exposure at 90 mW/cm2. B) Stoichiometric thiolene with indicated TPO-L concentrations exposed to chloroform for 1-h after 10 min UV exposure at 90 mW/cm2. All samples
conducted in triplicates with the error bars representing the standard deviation.
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Figure 6.4. Effect of heat exposure on solvent resistance. A) 100 °C (blue), 150 °C (red) or 200 °C (green) heat applied to TE
chips for 1 to 16 h, as indicated. Chloroform was pumped through the channels at 10 µL min−1 for 1 h width decrease measured.
B) Same as A), but 0.5% TPO-L added to the material. C) 200 °C heat applied to TE chips for 60 h (red) or left at RT (blue).
Chloroform was pumped through the channels at 10 µL min−1 for up to 48 h, with channel width measurements taken at the
indicated time points. D) Same as C), but 0.5% TPO-L added to bulk material. All data points are in triplicates. Error bars
represent standard deviation. E) Image of thiol-ene chips, control and 200 °C heat treated for the indicated time points.

% width decrease = [(initial width – final width)/initial width] · 100
The level of materials deformation varies greatly with the molar ratios of the monomers (Figure
6.3A) such that increasing the “thiol” monomer results in worse performance with solvent

compatibility. It has been postulated that this is due to the lower cross-linking density that results
from the limiting number of functional groups [148]; moreover, the thiol-monomer has longer side
chains as opposed to the more rigid allyl monomer, where the polymer’s increasing void volume could
contribute to solvent uptake and interaction. Similarly, crosslinking density is affected by the
concentration of photoinitiator added to the matrix. In Figure 6.3B it is evident that increasing the
photoinitiator creates a more robust polymer; however, it is important to note that photoinitiator
leaching is of great concern for pharmaceutical and analytical applications due to its toxic nature.
For this reason, minimizing its use is common, and even at higher concentrations, long-term solvent
compatibility is limited with swelling onset occurring in a few hours. For these reasons, the following
sections primarily focus on stoichiometric thiol-ene with 0.5% TPO-L photoinitiator (shown in red
in Figure 6.3). This is the most commonly used material composition in the field.
In order to mitigate swelling, initially, various surface coatings were investigated, including
silicon-based sol-gel coatings[149] and fluorinated coatings such as Teflon AFTM [150] (example results
are shown in Section 9.1). Surface coatings tend to be non-uniform, can present pinhole defects or
cracking, and are often less stable; hence, consistent solvent compatibility was not achieved.
Therefore, a modification was conducted on the bulk material to circumvent these problems.
Bulk modification of the polymer using heat exposure is shown in Figure 6.4. The influence of
temperature and length of exposure is shown in Figure 6.4A and 6.4B, where photoinitiator-free or
0.5% TPO-L containing materials were investigated respectively, in response to 1-hour chloroform
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exposure. Both materials show a rapid, temperature and time-dependent response to heat treatment,
such that higher temperatures or longer heat exposure times reduce chloroform-induced swelling of
the material. Solvent resistance emerges rapidly after just 1 hour of heat exposure with both materials
showing virtually no chloroform induced swelling after 16 hours at 200 °C.
Next, instead of short-term heat and chloroform exposure, the chips were heat-treated for 60hours at 200 °C and exposed to chloroform for 48-hours. Shown in Figure 6.4C and 6.4D, both
photoinitiator-free and 0.5% TPO-L containing materials withstood chloroform for the entire test
period. This is particularly significant, as the untreated photoinitiator-free material swells to the
point of syringe pump failure within 24-h; however, after heat treatment, no detectable swelling is
seen (Figure 6.4C). Therefore, the addition of the toxic photoinitiator is irrelevant and can be
circumvented for most applications. Interestingly, heat treatment yields a characteristic color change,
which may affect UV visibility in certain applications, although optical visibility is maintained for
most applications (Figure 6.4E).
Heat treatment was further tested for various solvents previously reported to be the most
damaging

to

thiol-ene

materials

[6,

10,

151].

The

solvents

tetrahydrofuran

(THF),

dimethylformamide (DMF), acetone (ACE), acetonitrile (ACN) and chloroform (CF) were selected
and the material exposed for 96-hours as shown in Figure 6.5. Here, for simplicity, the entire
microfluidic chip was submerged in the solvent and channel swelling assessed as described previously.
All samples contained 0.5% TPO-L for both the control and heat-treated materials. Shown in Figure
6.5, heat treatment significantly increases solvent resistance for the solvents tested. THF, DMF, and

ACE (Figures 6.5A-C) yield a similar degree of swelling in the untreated chips (blue), between 612% over the course of 96 hours. Heat treatment (red) significantly reduces swelling, showing little
to no solvent-induced deformation, or about 0-1.5%. Acetonitrile, on the other hand, is significantly
more damaging for both control and heat-treated samples; albeit heat-treatment significantly
improved solvent compatibility (Figures 6.5D). Nonetheless, acetonitrile remains damaging and for
some applications, this may be beyond acceptable deformation ranges. Lastly, chloroform remains as
the most damaging solvent for thiol-enes, resulting in chip failure for the control samples between

Figure 6.5. Universal applicability of heat treatment for a range of organic solvents. TE chips with 0.5% TPO-L photoinitiator
were exposed to either A) tetrahydrofuran, B) dimethylformamide, C) acetone, D) acetonitrile, E) chloroform. Graphs show
untreated control (blue) or heat-treated chips at 200 °C for 60 h (red). Samples run in triplicates with channel widths measured
every 24 h. Error bars represent standard deviation.
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Figure 6.6. Chloroform compatibility of various thiol-ene formulations. Left bars are control, RT, materials, right bars are heat
treated for 40-h 200 °C. Following formulations were tested: Control TE: TATAO with PETMP (black); triallyloxy-triazine with
PETMP (blue); NOA-81 adhesive (red); Ostemer 322 thiol-ene-epoxy (green). The in-house monomers are stoichiometric with
regards to the functional groups and contain 0.5% TPO-L photoinitiator. All samples were run in triplicates, error bars represent
standard deviation.

24-48 hours (Figure 6.5E). As shown previously in Figure 6.4D, heat treatment completely prevents
material deformation for at least 48 hours. However, solvent resistance begins to wear off by 72 hours,
at which point some swelling occurs; still, the channels remained functional for the entire test period
of 96 hours. In perspective, the level of swelling of the heat-treated material at 96-hours is equivalent
to the swelling at 2-hours for the untreated material; hence, heat treatment results in a 50-fold
increase in solvent compatibility. Overall, heat treatment with its easy implementation shows
excellent utility for various applications requiring a range of organic solvents.
As thiol-enes are a very diverse class of polymers, heat treatment was investigated for various
monomer compositions in order to probe the universal applicability of the method (Figure 6.6). Here,
the in-house mixed allyl monomers triallyl-triazine-trione (TATAO, control, black), triallyloxytriazine (blue), and two commercial formulations, NOA-81 (red) and Ostemer 322 (green) were
investigated in response to 1-hour chloroform exposure. All untreated materials show significant
swelling, with NOA-81 showing the largest degree of deformation. After subjecting the materials to
40-hours of 200 °C heat treatment, all formulations show negligible chloroform induced swelling,
between 0-0.2%. Therefore, the results show that heat treatment applies to many different monomer
compositions which may open up avenues towards combining novel monomer properties and
functionalities with solvent compatibility for a range of microfluidic applications.
Naturally, with such a dramatic increase in solvent compatibility through a simple-toimplement method, significant effort was placed into deconvoluting the underlying mechanism of the
method. For brevity, the details of the investigations are shown in the published paper on this subject
in Appendix I and will be largely omitted from this section. Currently, the working hypothesis is
that heat treatment yields a physical change in the polymer, creating a denser material, with a
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significantly higher glass transition temperature, and hence a reduced void volume, which mitigates
solvent penetration and deformation. However, a few loose ends include the role of oxygen, which
was found to be necessary for solvent compatibility, such that oxygen-free heat treatment does not
yield gains in solvent compatibility. Similarly, the origin of the characteristic yellow color change is
not yet known. A recently published paper seems to elude to the formation of carbon-carbon double
bonds that result in a yellow color change in thiol-ene materials, which is allylic hydrogen formation
(C=C-H) [152]. This hypothesis was recently tested and shown in Section 9.1.3; however, surprising
contrary results were found. Though it has become increasing clear that carbon re-arrangements,
along with physical property changes are responsible for the solvent compatibility. Albeit the exact
understand is currently unclear.
Finally, it is important to note there are other published approaches to gaining solvent
compatibility in thiol-enes; albeit, the effects are significantly weaker. Podgorski et al. show that the
chemical oxidation of thiol-ene materials results in mechanical property enhancements (such as a
significant increase in the glass transition temperature) [153]. Replication of the study with hydrogen
peroxide oxidation did result in a lesser degree of chloroform compatibility (data not shown, see
Appendix I, Fig. 5.). Another approach is the addition of carbon nanotubes into the pre-polymer

mixture. The addition of filler materials has also been shown to modify solvent resistance [154]. Here
it was shown that toluene-induced swelling could be reduced from 18.3% to 1.6%. For acetone, a
more moderate reduction occurred from 9.9% to 4.6%. However, the addition of CNTs renders TEs
non-transparent.
In summary, the results of the section presented here were pertinent for the project
progression, as for many pharmaceutical applications solvent compatibility is necessary. In particular,
for the production of PLA/PLGA microspheres chloroform is used to produce the emulsion, which
up to now was limited to the use of glass microfluidic chips. Similarly, for the production of
nanoparticles, various harsh solvents may be used, including acetone, acetonitrile, and
tetrahydrofuran. For both, having a solvent compatible material opened up possibilities for rapid
prototyping of microfluidic chip geometries to accomplish tailor-made drug delivery vehicles.
6.2. Establishment of proper wetting properties

With the high surface area to volume ratio in microfluidics, the surface properties need to be carefully
considered and tightly controlled. Wettability of a material plays a critical role in determining flow
properties, as well as for applications such as droplet microfluidics, while assays involving large
molecules depend on reduced non-specific adsorption. Thiol-enes are neither quite hydrophilic nor
hydrophobic polymers with a WCA between 60° and 90° depending on the composition and monomer
molar ratios [66, 140, 155-158], which can be troublesome for many applications.
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Surface wettability is particularly critical for two-phase flow droplet microfluidics, for the
production of microspheres. For flow-focusing the continuous phase should exhibit favorable wetting
to the channel material; while the dispersed phase wetting should be disfavored [159]. If the wetting
properties are not sufficient, then the dispersed phase maintains contact with the channel walls and
fails to result in droplet production. The mildly hydrophobic nature of thiol-ene presents a serious
challenge for droplet-based microfluidics and is not suited for either water-in-oil or oil-in-water
emulsions (the latter used for the production of PLA/PLGA microspheres). In order to overcome
this challenge many strategies have been previously implemented, generally taking advantage of free
thiol or ene groups in off-stoichiometric thiol-ene (OSTE) chips [160, 161]. Some of these strategies,
as mentioned previously, include the conjugation of PEG derivates (WCA 35 - 52° [120, 162]), acrylic
acid (WCA 43°[163]) and hydroxyethyl methacrylate (WCA 25 - 43°) [164, 165] to the polymer
surface.
In order to solve the wetting properties for droplet microfluidics, replication studies were
conducted based on the aforementioned references, along with other surface modifiers such as
organosilanes or adsorption approaches (i.e., adsorbed polydopamine or polyvinyl alcohol) as shown
in Figure 6.7A. The aim of these studies was to attain the wetting properties of borosilicate glass,
the gold standard for making polymeric microspheres, which has a WCA of appx. 25°. As seen in
Figure 6.7A, most approaches yield WCAs far greater than glass and therefore are not sufficient for

droplet microfluidics. The replication studies were generally unsuccessful (to achieve the desired
outcome) and sufficiently low contact angles were not attained. A classical approach is to oxygen
plasma treat the material [121, 139, 144], though the results are often quite transient, yielding
favorable surface energies for a couple of days at most. Plasma treatment does, however, provide the

Figure 6.7. “Click-” or adsorption-based surface modifications. A) Water contact angle (WCA) of borosilicate glass, stoichiometric
TE and thiol-enes coated with: silane (3-methacryloxypropyltrimethoxysilane), PVA (poly-vinyl alcohol), HEMA (hydroxyethyl
methacrylate), PEG (mercapto-terminated polyethylene glycol), poly-dopamine, HPG (hyperbranched polyglycerol), or plasma
treated TE. All treatments conducted in at least triplicates, with the error bars representing standard deviation. B) schematic
illustration of HPG UV-grafted onto “ene” excess TE. C) HPG coating stability assessed by measuring the WCA of HPG over the
course 14 days.
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lowest possible water contact angles and is readily achievable in most fabrication labs. The final
approach tested was to use a custom synthesized molecule (by Katayoun Saatchi, at UBC),
hyperbranched polyglycerol (HPG), which was optimized to yield contact angles between 10-20°. The
molecule is approximately 200 kDa in size, contains a large number of hydroxyl groups to provide
for excellent wettability with water, and an abundant number of thiol groups, allowing to covalently
graft onto “ene” excess thiol-ene materials (Figure 6.7B). Importantly, as shown in Figure 6.7C, the
coating remains in the workable range for up to 10 days, which is at or below the water contact angle
of borosilicate glass.
6.3. Application for microsphere production

With both solvent compatibility and super hydrophilic contact angles now available in the thiol-ene
“toolbox,” avenues for flow-focusing applications became available. As mentioned in the introduction,
flow-focusing is the most commonly implemented method for the microfluidic production of droplets.
Here, two immiscible fluids are forced coaxially through an orifice, where droplets are formed either
at the orifice (resulting in larger droplet sizes) or in the downstream “opening,” (resulting in smaller
particles). In the following sections we will explore the production of PLA microspheres and
chromatographic packing material in the size regime of 1 µm – 30 µm.
6.3.1.Large 10 µm + PLA microspheres
In order to illustrate the utility of heat treatment, PLA microspheres were produced for 8 hours and
size evaluations were conducted. Thiol-ene microfluidic chips are rarely used for oil-in-water droplet
production and have not been reported for the production of chloroform-based droplets. Currently,
ethyl acetate [80] and toluene [139, 166] droplets have been produced via thiol-ene microfluidic chip
materials.
To make the microspheres, two thiol-ene chip halves were heat-treated for 60-h and
subsequently plasma treated for one hour to reduce the contact angles (Figure 6.8A). The chip was
then used for the flow focusing of 5% PLA in chloroform with 1% polyvinyl alcohol (PVA) in water
as the continuous phase. Plasma treatment was the chosen method for increasing the surface energy
of the channels, as currently, the combination of the HPG coating and heat-treatment is not feasible
(See Section 9.1.2). However, plasma treatment is quite stable for thiol-enes and yields appropriate
contact angles for at least 12-h (Figure 6.8B). Implementation of heat treatment is particularly
important for the production of uniform microspheres. As shown in Figure 6.8C, particle diameter
rapidly decreases when using untreated thiol-ene chips. This is likely due to the swelling of the
dispersed phase channel (i.e., the channel exposed to chloroform). Consequently, after four hours of
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droplet production, the particle size reduces to 80% of the original diameter, and therefore rapidly
deteriorating sample monodispersity (Figure 6.8C, blue). In contrast, samples produced using the
heat-treated material resulted in consistent particle sizes production over the course of four hours
(Figure 6.8C, red).
Hence to illustrate the utility of heat treatment, microspheres were produced for 8-hours, with
samples collected for 10 min, every 2-h. Shown in Figure 6.8D, the heat-treated material produces
consistent particles of appx. 26 µm in diameter for the course of 8-h. The coefficient of variation of
the particles remains low throughout; albeit an increasing onset of satellite particle formation occurs
at the 6-hour mark. This may be due to the slight instability of the plasma treatment; therefore, a
better approach for attaining hydrophilic contact angles is needed. Nonetheless, as thiol-ene chips
are simple to fabricate, are degradable in nature, replacing the microfluidic chip is still a valid
alternative to the fabrication of glass microfluidic chips.

Figure 6.8. Large PLA microsphere production with solvent compatible TE chips. A) Schematic illustration of flow focusing chip
used for droplet production. B) Water contact angle monitored over time for the indicated plasma treatment conditions. C)
Relative particle diameters over the course of a 4 h production for heat treated (red) and control (blue) TE. D) PLA particles
were continuously produced for 8 h on heat and plasma treated TE chips. Dispersed phase of 5% PLA in chloroform and
continuous phase 1% PVA in water. Distributions and coefficient of variation (CV) of the particles are shown.
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6.3.2.Small 1-2 µm microspheres
Thus far, relatively large microspheres have been produced using thiol-ene microfluidic chips.
However, a special size regime of interest for pharmaceutical applications is in the 1-3 µm diameter
range. More specifically, the following section aims to produce magnetic microspheres (MMS) of such
sizes (Figure 6.9A). This size regime may be appropriate for intravenous administration, as studies
show it may bypass lung capillaries [64, 166], and hence avoid unwanted deposition in the lungs.
With the addition of magnetite nanoparticles to the PLA/chloroform mixture allows for the
formation of responsive particles that can be magnetically manipulated in vivo in order to achieve
greater therapeutic benefits via localized drug delivery. Therefore, the combination of the 1-3 µm
diameter range and the magnetic properties, make the droplets ideal for strong manipulation in vivo
for effective drug delivery.
Translating such small particle production to a microfluidic set up has been seldom done,
generally owing to the high energy input needed for droplet breakup of this size. To achieve such
small sizes, our lab previously used batch evaporation/extraction methods, yielding broad size
distributions [10]. Other methods have been employed, such as electrospray [11] and commercial flowfocusing nozzles [12]; however, the literature is lacking for the utility of a simple microfluidic chip.
Particularly, this may be because in order to use a simple flow-focusing geometry, very small feature
sizes are needed; as shear-off of droplets smaller than 1/10th of the orifice width is rare [13], making
the fabrication costly and labor-intensive. It is important to note that this section focuses on the
direct production of 1-2 µm microspheres; however, Section 9.2 and Appendix II contains other
approaches to purify out this size regime from a more complex size mixture [167]. This is mostly due
to the inherent difficulty of achieving these diameters; and hence, the literature commonly employs

Figure 6.9. MMS formulation and flow focusing chip. A) Schematic illustration of magnetic microspheres by loading
magnetite/maghemite NPs into PLA particles. B) Illustration of the flow focusing chip used for MMS production. Chip
dimensions include 50 µm depth, 100 µm wide and long orifice, and a 200 µm deep and 1 mm wide opening. C) Image of
the thiol-ene chip within the chip interface. Chip dimensions are 22.5 x 15.0 x 4.0 mm.
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Figure 6.10. High Re and Ca number production of MMS. A) Light microscope image of droplet formation at various flow rates
and flow rate ratios (as shown on the images). Arrow indicate estimated droplet break-off point. Size distribution and SEM
images of B) empty PLA particles, C) and magnetic NP loaded particles. Empty particles produced at QDP:QCP of 2:1800 µL
min-1, while MNP loaded particles at at QDP:QCP of 2:1000 µL min-1.

an indirect purification approach. This generally entails the purification of satellite particles
(secondary droplets) that arise from the viscoelasticity of polymers [159-161].
The chip dimensions are shown in Figure 6.9B, where the orifice, the smallest feature size, is
100 µm in width, making the design simple to produce in most fabrication labs. Upon the orifice, the
channel opens up to a 1000 µm wide and 200 µm deep opening, allowing for reduced flow velocities
and easy viewing under a microscope. The chip is connected to the solutions using a commercial
manifold capable of withstanding chloroform and other harsh solvents (Figure 6.9C).
This approach for obtaining small microspheres is rather simple, robust and reliable among
replication studies. The basic principle is to increase the continuous phase flow rate to a point where
the smallest feature size (i.e., the orifice) no longer plays a governing role in determining the final
droplet size. To achieve this, the upper overall flow rate and flow rate ratio limit of the microfluidic
set-up was investigated, up until the flow rate induced backpressures were beyond the tolerated range
of the syringe pump. Upon increasing the flow rate to such high values, a unique flow profile of the
dispersed phase forms, resulting in a long, thin thread extending well into the opening, where jetting
(or tip-streaming) of the droplets occurs (Figure 6.10A). Shown with blue arrows (in Figure 6.10A),
the droplet break-off point depends on the flow rate ratio and is directly related to the final droplet
size.
The capillary numbers can be calculated using equation (6.) and corresponds to 0.01 for the
dispersed phase, and 0.11 – 0.33 for the continuous phase. Comparing these values to a capillary
number-based flow map shown in ref. [70], we can estimate the mechanism of droplet formation. Here
this system yields a mechanism between jetting and tip-streaming. Published work defines jetting as
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droplet break-off within 20h, with h being the characteristic length scale (in ref [70], it is the height
of the square microfluidic channel being utilized). Tip-streaming is defined as the formation of a
stable thread with a length beyond 20h, upon which droplet break-off occurs. For our non-square
microfluidic channel, h can be defined as the hydraulic diameter corresponding to 2ab/(a+b), yielding
a value of 333 µm. The stable thread shown in Figure 6.10A has a length of 20h, depending on the
continuous flow rate used, agreeing both with the capillary number-based estimations as well as the
physical descriptions of the regime. This is particularly interesting, as tip-streaming generally relies
on A) carefully calculated geometry optimization or B) critical micellar concentrations of the
continuous phase surfactant [43, 62, 73], and C) regarded to occur at low Re numbers [74]. In this
regime, the droplet diameters are proportional to the diameter of the thread. Practically this means
tip-streaming may be easier to achieve than presented in the literature, but also it allows for droplet
formation in microfluidic chips with large feature sizes. As droplet diameters no longer rely on the
smallest feature size, this effectively makes fabrication requirements much less stringent.
The produced particles are 1-2 µm in diameter, spherical, and highly uniform as seen in Figure
6.10B, C. The unloaded PLA particles are smaller, with 1.16 µm diameter and 5.7% CV, Figure
6.10B. The particles shown were produced at QDP:QCP of 2:1800 µL/min. The addition of 0.5% (w/v)

magnetite NPs yields larger 2.08 µm average diameter particles, with very similar monodispersity at
a 6.5% CV, shown in Figure 6.10C. The increase in diameter is largely due to a lower overall flow
rate used to make the magnetic samples, as pump failure occurred at the higher flow rates. This is
likely due to the viscosity difference of the dispersed phase with the addition of the MNPs; and hence,
the particles were produced at a much lower QDP:QCP of 2:1000 µL/min flow rate.

Figure 6.11. Magnetic response and hysteresis curve. Light microscope image of A) 0.5% or B) 1% (w/v) magnetite particle re
with a magnet in close proximity. C) Hysteresis curve of the starting magnetic nanoparticles (black), 0.5% MNP loaded MMS
(blue), and 1% MNP loaded microspheres (red).
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Figure 6.11A, B shows the self-assembly behavior of the particles in response to a magnet.

Magnetization measurement curves were obtained for the starting MNPs (black) and the final MMS
(blue and red), as shown in Figure 6.11C. The magnetization curves confirm that the starting
MNPs display non-negligible hysteresis, whereas the encapsulated MNPs show no detectable
hysteresis. The hysteresis in the NP starting material is likely due to magnetic interactions
between the particles in the dense sample. The lack of hysteresis in the MMS indicates that they are
superparamagnetic at room temperature on a time scale of seconds. The specific magnetization of
the 1% (w/v) sample is about 30% that of the starting NPs, while for the 0.5% (w/v) it is roughly
15%, showing good control over the magnetic loading into the PLA particles.
Overall, the results show that the production of 1-3 µm MMS is possible with microfluidic
methods, yielding narrow size distributions and without any hysteresis. In order to increase the
magnitude of magnetization of the particles, which would be required for effective magnetic targeting
in vivo, higher magnetic nanoparticle concentrations should be incorporated. Future work can
optimize the MNP loading, as well as maximize the magnetite to maghemite content in the MNPs.
6.3.3. Applications for thiol-ene bead production
In addition to producing biodegradable microspheres for drug delivery, flow-focusing can open
avenues towards making polymeric beads to serve as supports for enzyme immobilization [168],
chromatography [169], solid-phase extraction [170] or solid-phase synthesis [171, 172]. For most
analytical separations, beads with a diameter of a few microns are preferred [169], with
monodispersity and porosity playing an important factor in performance. Crucially, reactive
functional groups can be highly advantageous to tailor-make the column properties for effective
separations or syntheses.
Due to the ability to surface modify off-stoichiometric thiol-ene, OSTE, this material may serve
as an optimum column material. Importantly, size control and monodispersity of the beads can be
achieved using flow-focusing. A flow-focusing chip with a 30 µm orifice was fabricated (as opposed
to 100 µm previously, Figure 6.12A,B. This is to reduce droplet size, mostly as the viscosity of the
TE monomers is high, yielding large droplets in the larger feature size chip. Even so, native
stoichiometric thiol-ene produces rather large beads, at 33 µm average diameter, albeit with very
high monodispersity with a CV or 1.84% (Figure 6.12C,E). The addition of 25% (v/w) chloroform
can be used to offset both the high viscosity, as well as through solvent evaporation yield an
additional 10% size decrease (data not shown). Seen in Figure 6.12B, the addition of chloroform
changes the droplet formation mechanism (compare Figure 6.12A), while yielding smaller sizes at an
equivalent flow rate (Figure 6.12D,F). The chloroform containing droplets yield beads with a 23 µm
average diameter, with an equally high degree monodispersity at a CV of 2.88%. High-resolution
surface mapping using SEM shows that beads produced with 50% chloroform are smooth, under 10
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µm in diameter and importantly could exhibit porosity as the chloroform evaporates and condenses
the beads (Figure 6.12G). Previously, thiol-ene beads have been produced in a microfluidic set-up,
yielding 200 µm+ particles in size; however, by changing the monomer composition, both
macroporous and nonporous beads were produced [173]. In this publication, the authors show that
monomer composition very similar to TATAO and PETMP yields nonporous particles, but the beads
become porous by adding mercaptoacetic acid into the mixture. Further work can investigate such
formulation parameters.
For the desired application of analytical separations, the thus far achieved sizes of 10-30 µm
are rather large. In order to reduce the bead size, the previously described jetting/tip-streaming
method was implemented. Shown in Figure 6.13A, droplet shear-off follows the expected flow profile;
albeit, the particles were formed at a jetting mechanism with droplet break-off occurring at 6.6h. As
jetting often yields increasingly polydisperse samples, the resulting particles show a bimodal
distribution Figure 6.13B,C. The particles are spherical (Figure 6.13B), and the sample exhibits a
main droplet population with a diameter of 6-7 µm and a satellite population with a diameter is 3
µm (Figure 6.13C). Importantly, these results were meant to serve as a proof-of-concept experiment
to show that smaller thiol-ene beads are in fact achievable using flow-focusing. Further optimizations

Figure 6.12. Thiol-ene bead production for chromatography. A) Light microscope image of thiol-ene beads with 0% or B) 25%
chloroform concentration (v/v). C) Diameters and statistics of obtained beads for 0% or D) 25% chloroform concentration. E)
light microscope image of flow focusing junction for the production of TE beads with 0% or F) 25% chloroform concentration
(v/v). F) SEM images of thiol-ene beads produced with 50% chloroform imaged at 2.0 kV. For all: Stoichiometric thiol-ene with
0.5% TPO-L. Flow rate DP:0.2 µL/min and CP:30 µL/min. Beads were cured at 90 mW/cm2 for 60 seconds prior to microscopy
images.
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Figure 6.13. Jetting-mediated thiol-ene bead production. A) Microscope image of thiol-ene beads (TATAO and PETMP) with
50% (v/w) chloroform being formed at QDP:QCP of 2.5 : 800 µL/min. B) Light microscope image of the thiol-ene beads and C)
corresponding size distributions.

are needed to stabilize thread and push the formation into a tip-streaming regime to create a more
homogenous and smaller sample population.

6.4.

Application for nanoparticle production

In the following investigation, small interfering RNA (siRNA) loaded lipid-polymer nanoparticles
(LPNs) are made using microfluidic nanoprecipitation. This is particularly important as RNA
interference (RNAi) based therapeutics can be a powerful tool in disease prevention and reversal.
RNAi is mediated by siRNAs in order to provide for a highly specific and potent gene silencing.
While siRNAs are potent and efficient, their clinical outcome relies heavily on the delivery system,
which can be a major challenge to optimize. For delivery, NPs represent a highly desirable class of
drug carriers due to their ability to protect siRNAs from nuclease degradation, modulate
biodistribution and importantly, facilitate cellular uptake which is otherwise not feasible for charged
macromolecules (such as nucleic acids). An emerging class of nanoparticles, lipid-polymer hybrid
systems, combine the advantages and mitigate the adverse properties of lipid- or polymer systems
individually [174]. Previously, our group developed a highly effective LPN system for the delivery of
siRNAs (Figure 6.14A); showing high efficacy and low toxicity for siRNA mediated gene silencing
compared to existing formulations[25, 175]; albeit, attained through batch double emulsion
approaches. From a formulation standpoint, this system replaces the traditional cationic lipid (e.g.,
DOTAP) with a custom synthesized lipidoid (i.e., lipid-like molecule) in order to reduce excessive
surface charges and lower toxicity of the NP system, (Figure 6.14B).
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Figure 6.14. Microfluidic set-up for LPN production. A) Schematic illustration of the LPNs containing PLGA, PEG-phospholipid,
lipidoid and siRNA. B) Structure of the lipidoid 5 (L5). C) Illustration of the microfluidic chip. D) Light microscope image of LPN
production. E) Various geometry prototypes used for higher flow rates or variable production quantities.

Investigated in this section, is an efficient, alternative method for producing nanoparticles
(applicable to both batch and microfluidic approaches) termed nanoprecipitation. As described in
Section 5.2.1., nanoprecipitation relies on solvent displacement through rapid mixing to precipitate
out the dissolved solutes and form nanoparticles. Nanoprecipitation in a microfluidic channel offers
specific advantages such as precise control of fluid flow, exquisite size modulation, low polydispersity
and as it is a continuous flow method, batch to batch variation can be eliminated. Through
microfluidics, siRNA loaded lipid [101, 176, 177] and unloaded lipid-polymer [178-180] nanoparticles
were shown to be as small as 30 nm; though the smallest siRNA containing LPNs were 110-130 nm
[181, 182]. However, siRNA loaded LPNs has yet been performed using efficient convective mixers
with such large-scale production in a polymeric microfluidic chip.
In order to load siRNA, the lipid, polymer, and siRNA are combined in the solvent phase and
mixed with water as the non-solvent (Figure 6.14C). The microfluidic chip geometry is based on the
microvortex design published by Robert Langer’s group [178], albeit with smaller channel sizes
(Figure 6.14D) in order to downscale the production for optimization purposes. The method is based
on the convective, rapid mixing of the fluids; with a variable mixing rate depending upon the total
flow velocity of the system (i.e., the Re number). Thiol-enes allow for rapid prototyping possibilities,
such that the original design and two designs with smaller channels were made to precisely fine-tune
the output scale (Figure 6.14E). Moreover, this material shows superior solvent compatibility [80,
136] allowing for the utilization of a range of organic solvents for formulation optimization.
Commonly used polymers for microfluidic applications include PDMS and PMMA but fall short of
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Figure 6.15. Solvent choice influences size and siRNA solubility. A) Obtained LPN size shows good correlation with solvent
polarity. Average diameters (n=3) shown with indicated solvents. B) siRNA alone incubated in 95% of the indicated solvents.
Stained with RiboGreen and imaged under a fluorescent microscope to observe microaggregation/precipitation.

solvent compatibility, which is particularly important for lipid and PLGA dissolution. Moreover, as
shown below, the solvent choice is an important optimization parameter for LPN production.
Solvent polarity affects the final LNP size, primarily due to diffusion modulation when mixed
with the polar non-solvent water. The more polar the solvent is, the faster the diffusion rate in water;
hence, yielding smaller LPN sizes (Figure 6.15A). The attained siRNA loaded LPN sizes of 70-200
nm are in agreement with batch synthetic approaches, where similar diameters were observed with
the indicated solvents [89]. Extremely critical, however, is the siRNA stability in the solvent choice.
Previously, 95% of acetone has been used for batch nanoprecipitation of siRNA LPNs, as the authors
show excellent siRNA stability in acetone [183]. However, for this system, the opposite applies, as
the two most commonly used solvents for siRNA encapsulation, acetone and acetonitrile, are
incompatible in this system. Rapid precipitation of the siRNA occurs at 95% acetone and acetonitrile,
with the addition of DMSO mitigating precipitation (Figure 6.15B, 50% DMSO in ACE shows no
siRNA aggregation). Therefore, the final solvent system for LPN production was chosen to be 5%
H2O and 95% acetone/DMSO in a 50/50 (v/v) ratio.
The LPNs exhibit good in-solution stability in an unbuffered aqueous solution without the
use of surfactants. However, ultracentrifugation at 50,000g remained challenging, particularly with
residual DMSO present in the solution. To combat centrifugation-induced aggregation various
approaches were investigated, including the use of PVA, non-ionic surfactants (Pluoronic F68 and
F127), dense sugars to dampen the centrifugal forces, and molecular weight cut off filters (data not
shown). All the aforementioned approaches yielded little to no effect in preventing pellet collapse
and aggregation. Polyethylene glycol (PEG) coating is often used to increase the colloidal stability
of NPs, but also to provide charge shieling for effective circulation of intravenously injected particles
without clearance from the mononuclear phagocyte system [7, 184]. Ceramide-PEG was chosen to
stabilize the LPNs due to its neutral charge, leading to positively charged particles and fast dePEGylation in the presence of serum albumins [89], both properties desirable for cellular uptake. A
dilute solution of ceramide-PEG is added to the water phase, in order to coat the outer layer of the
LNPs, providing stability during ultracentrifugation. Shown in Figure 6.16A, aggregation, as
indicated by large average diameters, subsides upon the addition of 15 mol% cer-PEG with respect
to the lipidoid concentration. Similarly, the average PDI values fall as the samples retain uniform
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Figure 6.16. Biophysical characteristics of LPNs with respect to the ceramide-PEG concentration. A) size (Z-average), B) PDI
and C) zeta potential at the indicated cer-PEG concentrations (molar percent with respect to the lipidoid). All samples conducted
in triplicates, with 15% (w/w) lipidoid and 1:200 siRNA moral ratio (siRNA : lipid). 4 mg/mL solute content, produced at Re
75, 1:10 solvent:water flow rate ratio. All samples were purified using an ultracentrifuge prior to measurements.

sizes (Figure 6.16B). The particles remain positively charged (Figure 6.16C), although, if needed,
negatively charged lipid-PEGs (e.g., DSPE-PEG) may be used to reverse the surface charge to -30
mV without any impact on the biophysical characteristics such as encapsulation efficiency (data not
shown). The choice of lipid-PEG does have a significant effect on cell uptake; thus, should be carefully
considered [89].
With the described formulation, size investigations were carried out in order to obtain a wide
range of sizes from 70-250 nm. The parameters investigated include solvent choice, flow rate, flow
rate ratio, and solute concentration in the solvent phase, Figure 6.17A-C. Shown in Figure 6.17A
(red), using DMSO, the LPNs are significantly smaller in size (as shown previously in Figure 6.15A);
ranging from 80 to 145 nm from Reynolds number (Re) 75 to 15, respectively. However, the
polydispersity is high; therefore, alternative approaches are needed for sub-100 nm particle synthesis.
Acetone and 50% DMSO in acetone samples are similar in size, between 150 nm to 200 nm at the
indicated flow rates, with polydispersity remaining low, near 0.1. Size modulation based on flow rates
alone is less effective, with variations of 50 nm on average was achieved at a given flow rate ratio
(Figure 6.17B, compare vertically). Reciprocally, changing the flow rate ratio allows for larger size
variation, of approximately 100 nm for a given flow rate (Figure 6.17B, compare horizontally). Here,
combined, flow velocities were used to produce particles from 98-248 nm, holding all other parameters
constant. Finally, size modulation can be achieved by diluting the solute concentration of the solvent
phase, for example shown in Figure 6.17C, from 4 mg×mL-1 to 2 mg×mL-1. Approximately 50 nm size
reduction can be achieved at a given lipidoid concentration. Here, the lipid concentration does not
statistically significantly affect LPN size, although in a replication study (Figure 6.19D) the size
differences are significant. An example sample of particles was imaged under the TEM, where the
diameters are in agreement with the DLS. Small particles are visible; however, which were not shown
as a secondary peak by DLS indicating that the sample preparation caused fragmentation of some of
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Figure 6.17. Microfluidic and solvent-based size modulation. A) Size variation based on solvents choice, B) and flow rate
ratio. Solvent phase contained 2 mg×mL-1 solute concentration, 20 wt% lipidoid and 1 to 150 TNF-a siRNA to lipid mol
ratio. C) Size modulation based on solute concentration (red: 2 mg×mL-1 and green: 4 mg×mL-1) and lipid content. D) TEM
micrograph of 150 nm LPNs.

the particles (Figure 6.17D). Overall, these results show a myriad of parameters can be used to
modulate nanoparticle diameters in a microfluidic set-up.
A particularly interesting size regime of LPNs for in vitro and in vivo investigations are in the
60-80 nm range. To achieve this, without modulating the composition (i.e., the organic solvent), the
flow rates, flow rate ratios, and solute concentration were varied. As seen previously, the overall flow
velocity has the lowest overall impact, which particularly holds for the high flow velocities beyond
Re 150 (Figure 6.18A). Presumably, beyond Re = 150 the microvortex flow profile may not vary
extensively, resulting in similar convective mixing rates. Conversely, the flow rate ratio significantly
affects the diameters, with a size range of 86-162 nm at Re 150. Therefore, in this system, the best
approach to achieve small LPN diameters is to reduce the solute concentration, increase the flow

Figure 6.18. Small-sized LPN production. A) High flow rate LPN production, Re 225 (blue) and Re 150 (red). At high flow rates
size variation is dependent on the flow rate ratio over the total system flow rate. 1.5 mg×mL-1 solute concentration in the solvent
phase. B) Re 125 LPN production at varying flow rate ratio (1:15 and 1:20 solvent:water) at indicated solute concentration in
the solvent phase. For both: 20 wt% lipidoid and 1:200 mol ratio of siRNA in the formulation, with 50% DMSO in ACE as the
solvent phase.
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Figure 6.19. siRNA encapsulation. A) Average encapsulation of siRNA at the indicated LPN size. B) Size and PDI, C)
encapsulation efficiency of LPNs produced with 16 wt% lipidoid, but increasing L5 to siRNA mol-ratio as indicated. D) Size and
PDI, E) encapsulation efficiency and F) zeta potential of LPNs produced increasing wt% lipidoid content but constant siRNA to
L5 mol-ratio of 150. Welch’s t-test used to analyze significance where indicated.

rate ratio, while maintaining moderately high flow velocities. At Re = 125 with a high flow rate ratio
of 1:20 between the solvent and the water phase, particle size ranges between 79.5 ± 1.2 nm to 89.8
± 5.0 nm when changing the solute concertation from 1 mg×mL-1 to 2 mg×mL-1 (Figure 6.18B). For
the latter size, this allows for the production of particles as small as 90 nm and as large as 250 nm
(see Figure 6.18B) with the same solute concentration, 2 mg×mL-1, by only changing the flow rates
and ratios. Further reduction in size may be possible by increasing the temperature of the microfluidic
system, which would facilitate the diffusion rate. With the high Tg of thiol-ene polymers, the system
could remain under high pressure with the flow velocities and withstand temperatures of up to 117
°C if heat treatment is applied to the material [136].
Next, TNF-α siRNA loading efficiency was investigated for the purposes of inflammation
reduction [185]. Shown in Figure 6.19A, siRNA encapsulation decreases with decreasing size. Smaller
130 nm particles show 48% encapsulation (7.1 µg×mg-1), while larger 200 nm particles show 65%
encapsulation (11 µg×mg-1) on average. The optimum molar ratio of lipid to siRNA is 200 to 1 (Figure
6.19B), with no statistically significant increase in loading observed at 300 to 1 (data not shown).

The molar ratio of 200 to 1 has been previously validated by our group to be the optimal ratio when
produced via batch double emulsion solvent evaporation methods [25]. While theoretically appx. 10
lipids are needed to neutralize each of the siRNA duplex charges, encapsulation efficiency rapidly
falls when approaching this ratio. Presumably, some of the L5 lipidoids are interacting with the
negatively charged PLGA in order to make the energetically stable hybrid particles. While the siRNA
to lipid ratio does not seem to affect size (Figure 6.19C), the lipid content may have a statistically
significant effect as seen in Figure 6.19D). This, however, is not reproducible, as seen earlier in Figure

- 49 -

6.17C, though in both cases increasing the lipid content reduces the average diameter. It is important

to keep in mind any potential size deviation that may arise with a formulation change. As expected,
the zeta potential of the particles rises with increasing cationic lipid content (Figure 6.19E), from 20
to 35 mV. This increase in positive charges does not yield a statistically significant loading increase,
though average encapsulation does increase with increasing L5 content (Figure 6.19F). Therefore, if
high positive charges are not of concern, increasing the lipidoid content within the formulation, can
effectively increase encapsulation.
Finally, single-step chelator attachment is possible within the microfluidic set up for in vivo
pharmacokinetic/ biodistribution purposes. The commercially available phosphoethanolamineDTPA, PE-DTPA (Figure 6.20A) was added to the solvent phase at 2.5-10 mol% L5 concentration
in order to incorporate the chelator for radiolabeling with the gamma emitter

111In

(111indium) (T1/2

= 2.8 d; Eγ = 171 and 245 keV) (Figure 6.20B). The addition of PE-DTPA shows no effect on the
biophysical characterization of the particles (Figure 6.20C) with average diameters remaining similar
to the control. Rapid 1-hour radiolabeling was conducted after centrifugation of the particles in order
to remove any excess chelator. In order to verify radiolabeling, both instant thin layer
chromatography (iTLC) and centrifugation were conducted, where the starting sample and the pellet
was measured for radioactivity using a dose calibrator. Both the iTLC and centrifugation confirm
high indium uptake, with approximately 18.5 MBq added to each of the samples. The results show
no added benefit to increasing the DTPA concentration to 10 mol%, with the 5 mol% sample showing

Figure 6.20. 111Indium radiolabeling, particle characterization and challenge tests. A) structure of PE-DTPA used for indium
chelation and B) resulting particle illustration. C) Size and PDI of particles at indicated PE-DTPA concentrations, n=3. D) Raw
iTLC image of indium labelled LPNs and quantification of bound and free indium using both the iTLC and centrifugation of the
LPNs with the activity in the pellet measured in a dose calibrator. E) iTLC based quantification of free and bound indium in the
presence of 10 mM EDTA (blue) or 2 mg/mL transferrin incubated at 37 °C, shaking 600 rpm.
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equivalent 95%+ radiolabeling efficiency (Figure 6.20D). The particles remain

111In

labelled when

challenged against transferrin, which is an iron-transporting blood protein that also can chelate other
metals (Figure 6.20E). Therefore, the challenge test was conducted under physiological conditions
for 72 hours, using the physiological concentration of serum transferrin. No loss of activity from the
LPNs is observed. Interestingly, the rapid loss of activity occurs with 10 mM EDTA, which is at a
minimum in over 5000-fold excess over DTPA and can result in Nonetheless, the results show a
simple and effective radiolabeling of the LPNs for in vivo biodistribution studies using a commercially
available lipid-chelator system.
In summary, the preceding section aimed to highlight the utility of thiol-ene microfluidic
chips for size-controlled nanoparticle production. Microfluidic size modulation is shown with
diameters as low as 70 nm and large as 250 nm. In addition to size investigation, a one-step on-chip
radiolabeling method was presented for easy biodistribution studies, with near-complete
labeling.
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7. Concluding Remarks
The primary aim of this thesis has been to show the utility of a relatively uncommon polymeric
microfluidic device material, thiol-enes, for the production of pharmaceutical delivery vehicles of all
sizes, ranging from the nano- to the micro-scale.
As thiol-ene polymers are not inherently suitable for these pharmaceutical applications,
significant emphasis was placed on optimizing the material for these purposes. Initially, the work
focused on rendering the material chloroform compatible with the production of biodegradable
microspheres. As surface coatings were minimally effective against chloroform-induced material
deformation, a bulk modification approach was found successful against a large range of solvents.
Here, the simple, yet effective approach of high-temperature treatment (100–200 °C for up to 60
hours) yields a 50-fold increase in chloroform compatibility. The material withstands chloroform,
among many solvents, for several days without any discernable deformation. Such a degree of
chemical compatibility is exceptional amongst polymers.
In addition to rendering the material solvent compatible, an in-house synthesized superhydrophilic surface was developed and the coating optimized. The coating was covalently attached
to the material, resulting in robust surface modification. The coating allows for the production of oilin-water droplets in a flow-focusing geometry, where the outer aqueous phase is needed to
preferentially wet the surface of the channels. To show utility, various droplets were produced,
including PLA microspheres and thiol-ene beads.
Once TEs were optimized for pharmaceutical applications, this thesis showed a novel method
for the production of 1-2 µm, monodispersed magnetic microspheres. The production of this regime
has been consistently challenging due to the high energy input needed for droplet break-off. This
work shows a simple microfluidic chip design with large channel dimensions achievable in all
microfluidic fabrication labs. The prepared 1-2 µm particles show good loading with magnetite
nanoparticles and show promise for the magnetically targeted delivery of drugs.
Finally, thiol-enes were shown suitable for the bulk precipitation of uniform nanoparticles.
For this purpose, a range of solvents can be explored which allow for size modulation based on solvent
polarity; or with rapid prototyping, various chip geometries can be investigated in order to maximize
drug encapsulation or further modulate the particle sizes. The final work presented here focuses on
siRNA loading within lipid-polymer hybrid nanoparticles. This work shows exquisite size control,
ranging from 70-300 nm, highly uniform sizes, and high siRNA encapsulation efficiency (70-90%).
In summary, the presented thesis would like to show the utility of thiol-ene microfluidic chips
for the production of pharmaceutical delivery vehicles of all sizes, ranging from nanoparticle to the
microparticle scale. Moreover, the rapid prototyping and solvent compatibility of the material makes
it promising for a range of applications well beyond the scope of this work.
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8. Future Perspectives
(1) Material and microfluidic devices
For prototyping, PDMS is often the preferred material due to its ease of fabrication, although its
commercial implementation is limited due to its volatile surface chemistry and inability to upscale
production with its (relatively) lengthy polymerization times [124]. UV-curable thiol-enes can be an
optimum material for both rapid prototyping and viable commercial translation, bridging the gap
that often exists when translating PDMS prototypes to alternative materials. For the designs
presented in this thesis, injection molding, sub-second curing, and automated assembly are possible
for mass production. Moreover, solvent compatibility can be gained through high-temperature
treatment on already assembled devices; hence, large numbers of mass-produced chips can be treated
simultaneously.
There are still some bottlenecks with the material, namely the inability to modify the surface
after heat treatment or maintain surface modification post-heat treatment (Section 9.1.2). As
discussed below in Section 9.1.3, heat-induced carbon rearrangements could be a reason for solvent
compatibility [152]. Using IR in Section 9.1.3, a loss of ‘enes’ were found; meaning carbon
rearrangements could be a reason. Because of this, the covalently attached superhydrophilic coating
(HPG) is no longer a viable surface treatment for PLGA/chloroform droplet microfluidics, limiting
its use as a commercial system. To solve the limited surface functional groups post-heat treatment,
wet oxidation may be an avenue to produce hydroxyl groups that are well characterized for
modifications such as silanization to increase hydrophilicity. Nonetheless, thiol-enes still offer a route
for rapid prototyping prior to translating the geometries to glass devices. Given large enough device
numbers, the etching and bonding of glass can be viable (relatively low cost per device) for both an
academic and commercial settings.
(2) Droplets and emulsions
The presented flow-focusing chip, with its large feature sizes and dual depth to reduce back pressures,
has been quite successful at producing microspheres from 1 µm to 20 µm in size (though larger sizes
are possible but were not of interest for the group). Various droplets were produced,
PLGA/chloroform, thiol-ene/chloroform and albumin/water (data not shown) highlighting its
versatility for a range of applications. However, the system can be translated to all single emulsion
needs, by changing the matrix composition or loaded drug.
A particularly valuable area of research and one where thiol-enes have an edge, are doubleemulsion droplet generators. This thesis has not explored the production of a double emulsion flow
focusing chip, though masking off each junction for a UV-induced hydrophobic then hydrophilic
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surface modification has been achieved using the material [147]. Future work with double emulsions
can involve high throughput cell analysis [186], microsensing [187] and material synthesis [188].
Based on the thesis presented here, two other applications can be further pursued. In the
section below (Section 9.2.3), macro-porous thiol-ene structures were implemented to break up larger
PLGA droplets into a smaller emulsion. While the resulting particles are far from perfect (and appear
to be quite polydisperse), the proof of concept experiment shows that this frit-like structure could be
a way to mass-produce small droplets for applications such as chromatography. Mass-production of
small droplets can also be implemented using the parallelization of the flow-focusing junction on a
single device, yielding mL/hour dispersed phase output [189, 190]. With the rapid prototyping of
thiol-ene devices, studies on parallel production would open avenues for pre-clinical studies of the
small microspheres.
(3) Nanoprecipitation and single-phase mixing
Similar to the droplet microfluidic chip, the nanoparticle producing system is easy to implement
further for other targets, certainly as it was developed for siRNA encapsulation. For this, the siRNA
sequence can be rather easily changed to encompass a range of diseases where protein downregulation
is a therapeutic approach.
For the current TNF-a siRNA loaded LPNs, a long-range of interesting experiments can be
performed; generally, comparison studies between the traditional double emulsion solvent
evaporation synthetic method and the here presented microfluidic nanoprecipitation. These include
siRNA release studies, in vitro RAW 264.7 murine macrophage knockdowns, or even small-angle Xray scattering for structural information. The limiting factor for these has been poor lipidoid solubility
in DMSO, generally yielding inconsistent lipid precipitation in the stock solution. Therefore, a
pertinent first set of experiments would be the re-formulation of the solvent system, finding a watermiscible solvent that fully dissolves the lipidoid, while maintaining a favorable environment for the
siRNA. Unfortunately, with the time-limited PhD, this was not performed.
In addition to LPN production, microfluidic mixing can be used for a range of applications.
For example, an area of research is metal-nanocluster-based biosensors. My master’s thesis focused
on the structural investigation of DNA templated silver nanoclusters for miRNA sensing [191, 192].
Their preparation involves the in-solution reduction of metal ions onto a stabilizing scaffold (such as
proteins and nucleic acids). Interestingly, microfluidic mixing is seldom implemented, with to my
knowledge, only a gold-palladium cluster system was synthesized using a microfluidic mixer [193].
This research area is open for new studies, with the mixing rate potentially modifying the metal
cluster emission wavelength or simply allowing for the production of highly uniform species for
enhanced detection or uniformity for structural studies.
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9. Unpublished Investigations
This chapter aims to provide some insights and know-hows (primarily relevant to the research labs
in which this dissertation was conducted in), along with additional findings, or experiments that were
not fully successful yet.
9.1. Surfaces and material

9.1.1. Surface coatings for solvent compatibility
Initially, to try to mitigate the chloroform induced polymer deformation, various covalent and
adsorptive coatings were investigated. However, surface coatings are often difficult to execute
consistently, without pinhole defects or microscopic cracks. Figure 9.1 shows both channel
deformation (A, C) and solvent-induced mass increase (B, D) with various surface treatments. As
most of the coatings were unsuccessful, only two will be described in detail, silanization, and
adsorptive FluroPelTM coating.
Silanization
Organosilanes are by far the most commonly used coatings, often referred to as giving rise to “glasslike” properties. They have shown great success in increasing the chemical resistance of PDMS [194].
Based on previous optimizations (not included), the combination of the thiol terminated silane
(“MTES-thiol”) and the allyl terminated silane (“TEOS-ene”) seemed most promising in providing a
barrier against chlorinated solvents (Figure 9.2A). Both silane monomers were combined in ethanol

Figure 9.1. Swelling measurements with various surface coatings. A) solvent induced channel width decrease or B) weight increase
at indicated time points of native thiol-ene (dashed), PTFE-based, vinyl cyclohexane polymerized, and silantated materials. C)
solvent induced channel width decrease or D) weight increase at indicated time points of native thiol-ene (blue, dashed), 1x or 5x
coated thiol-ene with FluoroPelTM.
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Figure 9.2. Thiol-ene silanation. A) Monomers used for silanizations. B) Prepolymerization of TEOS-ene + MTES-thiol at indicated
ratios (monomer : monomer : EtOH : MQ at pH 4.5). Preconversion seen in the 1:1:1:1 ratio. C) channels coated with silanes.
Top: N2 removal of UV cured silane results in thick, uneven deposits. Middle: Water/EtOH (wet) removal allows for an even, thin
layer formation. Heat polymerization of wet removal results in a dense, yet even coating. D) Water contact angles show increased
hydrophilicity, consistent with expected results. E) Concentration of silanes is less critical than hydrolysis and subsequent
polymerization of the oligomer silanes. Silane coated channels were subjected to chloroform for one hour at 20 µL/min flow rate.

and pH 4.5 H2O (HCl) in a 1:1:1:1 ratio, resulting in a final pH of 5.1. The solutions were let to preoligomerize for 24 hours at RT. The solutions were not miscible unless briefly stirred under heating;
therefore, initially they were heated at 200 °C, until the solution became miscible, opaque and
marginally more viscous (Figure 9.2B, formulation C).
The final protocol used is as follows: TE chip is first filled with 96% ethanol (as EtOH wets
the surface better than water), then without introducing air, the channel is filled with a solution of
50% EtOH in H2O. Again, without introducing air, the channel is flushed 5 times with the preoligomerized silane solution containing 5% of the photoinitiator 2,4,6-trimethylbenzoyl-diphenylphosphineoxide (TPO). The chip is placed under UV light for 10 seconds (90 mW/cm2, it does not
seem to matter if the exposure is split to 5 seconds each side), then rapidly flushed with the original
pre-oligomerized silane solution, quickly followed by 50% EtOH, and 96% EtOH to remove the excess
material. Finally, N2 is used to dry the channel.
Next the chip is placed on a heat-plate set at 100 °C and let the temperature equilibrate. The
wells are filled with non-photoinitiator containing silane, at which point solvent evaporation occurs
within seconds. To prolong polymerization, the channel is maintained filled for over 10 seconds,
visually resulting in a coating (Figure 9.2C). The WCA of silane treated materials decrease, though
exact measurements were not taken, see Figure 9.2D. One-hour chloroform exposure to the channels
shows a marginal, albeit likely significant increase in solvent resistance for the pre-oligomerized
TEOS-ene + MTES-thiol modified channels (Figure 9.2E), whose protocol was described. In
hindsight, the thiol-ene bulk material should have been off-stoichiometric, ideally “ene excess,” and
only the thiol-terminated silane should have been used with a standard triethoxysilane (TEOS).
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Teflon AFTM and FluroPelTM coating
Both Teflon AFTM (601S1-100-6, DuPont, 6% solution in FC-75, DuPont) and perfluoroalkyl
copolymer (FluoroPelTM PFC-602A, Cytonix) were tested to provide an adsorptive barrier coating
against chloroform. While both are fluorinated hydrocarbons, an important difference between Teflon
AFTM and FluroPelTM is the temperature at which the solution is heated. FluoroPelTM requires 100
°C for 10 minutes, while Teflon AFTM requires 180 °C+ for 15 minutes +. In fact, for better adhesion,
DuPont recommends a 330 °C final bake after solvent evaporation. Coating efficiency was confirmed
by contact angle measurements (not shown), producing highly hydrophobic surfaces for both.
Of the conditions tested, FluoroPelTM performed consistently better than Teflon AFTM. Figure
9.1 C, D shows the swelling data of both disks and channels using FluoroPelTM, with a sequential 5x
coating showing the highest promise. Importantly for both fluorinated polymers, the hydrophobic
contact angles are incompatible with oil-in-water droplet microfluidics, hence the avenue of such
coatings was not pursued furhter. However, for an opposite emulsion the method may be applicable,
especially if harsh solvents are not required, at which point a single thin layer of FluoroPelTM would
be sufficient for a hydrophobic surface.
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Figure 9.3. HPG coating and heat incompatibility. A) Water contact angle of HPG coated discs exposed to 16 h 100 oC or 200
oC heat. B) Water contact angle of 200-SH-HPG (#1, light grey), 50-SH-HPG (#2, dark grey), or C-N bond HPG (blue) TE
discs exposed to 16 h 100 oC heat treatment. C) 1 h chloroform induced channel swelling of 10 min – 2 h UV treated thiol-ene.
No photoinitiator added, stoichiometric. D) Water contact angle of control TE, plasma treated TE, and various concentrations
of HPG used for coating TE discs. Each material was exposed to UV for 1 h, and contact angles measured prior to and after UV
exposure. UV refers to 90 mW/cm2 measured at 365 nm.

9.1.2. HPG coating and heat compatibility
As discussed previously (in Section 6.2), hyper-branched polyglycerol (HPG) was used to modify TEs
to yield glass-like contact angles. However, a major pitfall of the material is the inability to heattreat the coating and retain low contact angles. This limits the use of the materials as true glass
alternative, as only plasma treatment can be implemented for both solvent compatibility and high
hydrophilicity. Seen in Figure 9.3A, a rapid rise in water contact angles occurs upon 16 h 100 oC or
200 oC heat treatment. To solve this, an alternative HPG was synthesized by Katayoun Saatchi,
(named here HPG #3 in Figure 9.3B) that couples the polyglycerol arms through a C-N bond, as
opposed to the previously utilized peptide bond. Theoretically, the elimination of the peptide bond
should yield a more resilient coating, both to heat and hydrolysis, though the results show no
difference between the two synthetic approaches. It is important to note that significant gains in
solvent compatibility can be achieved simply by prolonged UV-treatment of the material (Figure
9.3C). Here, of course, substantial heat is generated (up to 120 oC after two hours of 90 mW/cm2

UV, measured with an IR thermometer). Nonetheless, the traditional peptide bond containing HPG
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withstands 1 hour of high-intensity UV exposure (Figure 9.3D), which generates sufficient solvent
compatibility for more mild solvents, or shorter chloroform exposure times.
9.1.3. Plausible explaination for solvent compatibility
The fundamental reasoning for the solvent compatibility yielding from heat treatment was not
properly investigated nor explained. Based on density measurements (see next section for knowhows), the heated chips have a higher density; hence, we presumed a reduced void volume that yields
solvent compatibility. This might as well be the case; however, interesting scattering and a
fluorescence property are seen in the heat-treated material. Shown in Figure 9.4A, under 365 nm
light the heated material (right) is scattering or fluorescing. To investigate further, a mold was
fabricated that yields slabs of thiol-ene which snuggly fit into a 10 mm Hellma Quartz fluorescence
cuvette. The slabs of material were put into a fluorescence spectrophotometer (Jasco FP-6300, 5 nm
excitation and emission slit, medium response and sensitivity, 1 nm data pitch, and 200 nm/min
scanning speed) with the emission scanned when excited at 365 nm (the wavelength of the UV light
shown before). Shown in Figure 9.4B for the ene-excess heat-treated chip, we see emission with a
maximum at 450 nm when excited at 365 nm. Therefore, next the origin of the emission was
investigated. To do this, the excitation wavelength was varied 10 nm and emission scanned at longer
wavelengths. This is in order to differentiate between scattering and a true fluorescent cluster: with

Figure 9.4. Scattering and fluorescent behavior of heat treated thiol-enes. A) Slabs of thiol-ene under a handheld 365 nm UV
light source. Material either untreated (left), or 60 h heat treated (right), at stoichiometric (top) or 50% ene excess (bottom)
formulations. B) Fluorescent emission scan of thiol-ene slabs when excited with 365 nm light. Emission scan of C) stoichiometric
control, D) 50%-ene excess control, E) stoichiometric heat treated, or F) 50% ene-excess heat treated at 340-380 nm excitation
wavelengths as indicated.
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scattering the emission maxima are progressively increasing with an increasing excitation wavelength,
while in fluorescence the emission maxima should stay the same. We see in Figure 9.4C, D, the
untreated material is scattering near the 365 nm wavelength, such that the maxima are right field
shifting with the changing input light. However, for both heat-treated materials, we have a steady
fluorescent center at λem 475 nm for the stochiometric (albeit very low intensity) and high-intensity
fluorescence center at λem 460 nm for the ene-excess material (Figure 9.4E, F). The elastic scattering
regions (0.5x, 1x, 2x λex) were not investigated.
The results of forming a fluorescent center hints at the possibility of a chemical (conjugated
system) change in the material upon heat treatment. More so, as the 50% ene-excess material exhibits
an order of magnitude higher fluorescence, this chemical change may be attributed to the allyl groups.
A recent paper by Bowman shows the characteristic orange/yellow hue in his material, which using
near-infrared measurements was attributed to vinyl conversion [152]. More specifically, the yellowcolored material shows peaks centered at 6132 cm-1, which is characteristic of allylic hydrogen
stretches (C=C-H). Therefore, it is entirely possible that under heat treatment the material
undergoes a chemical structural rearrangement, forming allylic hydrogen stretches, which then yield
a denser material, with a reduced void volume, but also cause the fluorescent centers.
Near-IR study of our material shows the opposite effect (Figure 9.5). Duplicates of RT control
(green), a 16 h 200 oC (orange), and duplicate 48 h (blue) treated materials were measured. The
water content of the material (5250 cm-1) decreases with heat exposure, as expected, as it evaporates
under the temperatures. Interestingly, the allylic hydrogen stretches (6132 cm-1) disappear over the
course of heat exposure, contrary to the expected outcome. This can be explained by a potential
increase in crosslinking density, such that any free allyl groups are consumed. However, further
investigations are needed to confirm the source of the color change and solvent compatibility.

Figure 9.5. Near-IR absorbance of heated and control TE. RT control (green), a 16 h 200 oC (orange), and 48 h (blue)
treated materials were measured on Shimadzu UV-3600, UV-VIS-NIR Spectrophotometer. Slabs of TE that fit into a 10 mm
Hellma Quartz were generated. Absorbance taken from 1000-2000 nm, scan speed fast, data pitch 2 nm, slit width 2 nm.
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9.1.4. Density measurement of solids (know-how)
A know-how worth mentioning is the simple determination of the density of irregular shaped solids,
which was used in the paper in Appendix I. The principle is straightforward: prepare a solution of
calcium nitrate that is concentrated enough to suspend the solid, then with water additions, dilute
the solution until the solid sinks (Figure 9.6A). By noting down the amount of extra water added,
the final concentration of calcium nitrate can be determined. Then we can use the equation in Figure
9.6B to solve for the final density of the solution (which equates to the density of the solid). The

equations should be set equal to each other (choose the appropriate one based on the temperature)
and solve for “d.” Personally, for this MatLab or a CAS equipped calculator can be used for
convenience. It is important that once a “rough” density is obtained, the measurement should be
repeated with the addition of very small amounts of water increments (say 200 µL for a 100 mL
solution), which will allow for a very precise density determination.

Figure 9.6. Density measurement experimental set-up and analysis. A) set up includes a solution of calcium nitrate
suspending various thiol-ene slabs. Water is added until the slabs sunk. B) Equations from ref [5] were used to calculate the
densities.
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Figure 9.7 Interfacial tension measurement. A) Example of a measurement on KRUSS DSA100. B) Interfacial tension
between PLA and PVA.

9.2. Emulsions and separations

9.2.1. Interfacial tension determination (know-how)
Interfacial tension can be determined in order to calculate the capillary number. For the work shown
in Appendix II, interfacial tension was determined using the pendant drop method, where 5% PLA
in chloroform is suspended in a solution of 1% PVA. Measurements were carried out on the KRUSS
DSA100 drop shape analyzer (KRUSS GmbH, Hamburg, Germany). The PLA solution was slowly
drop-by-drop injected into a quartz container filled with PVA using a 500 µL Hamilton syringe and
an 18-gauge flat tip needle Figure 9.7A. Droplet shape and pinch-off was recorded on the camera and
interfacial tension determined using the DSA100 software.
The results for the interfacial tension measurements between 5% PLA (10-18 kDa) and 1%
PVA (30-70 kDa) are shown in Figure 9.7B. Trials were conducted according to the DSA100 Manual,
followed word by word. Measurements were repeated 23 times and the average yielded 2.9 ± 0.3
mN/m.
9.2.2. Particle sorting: Dean flow and pinched flow fractionation
If the aim is to produce small droplets using microfluidic techniques, then the collection of satellite
droplets may be an avenue towards obtaining the desired sized population. Satellite particles form
owing to the elasticity of polymer solutions during the retraction of the DP in droplet formation.
Often 2-3 sequentially smaller droplets (termed primary, secondary, tertiary satellites) are formed
and represent approximately 1% in volume of the parent droplet. Satellite droplets can be particularly
useful as the production of small droplets is difficult to achieve owing to the high energy input
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needed, though as shown in the Results and Discussion, and Appendix II, the direct production of
small droplets can be achieved.
However, prior to discovering a way to directly produce small droplets, suitable particle sorting
methods were investigated in order to isolate satellite droplets. Active particle sorting involves some
sort of an external field (acoustic pressure, optical force, magnetic and electric fields etc.). Active
sorting is generally more efficient; however, more difficult in terms of fabrication and implementation.
Passive sorting manipulates droplets based on channel dimensions and flow fields making
implementation easier. It is important to note that the flow rate (or more specifically the flow
velocity) can play a critical factor in passive separation efficiency. Therefore, when coupled in-line
with a droplet generator chip, an appropriate separation geometry should be chosen. The two passive
separators discussed here are pinched for fractionation and Dean flow-based spiral microfluidics.
Pinched-flow fractionation
On approach to particle sorting is called pinched flow fractionation (PFF). The design has the critical
geometry features shown in [195] (Figure 9.8A). Here a continuous phase and a polydisperse
emulsion/droplets are introduced into the chip. The continuous phase focuses the droplets on one
side of the wall where there is a slight difference in positioning based on the size of the droplets. The
droplets then enter a broadening, amplifying the differences in position (that is each droplet is picked
up by a laminar flow streamline based on their center of mass), and the particles can be separated
through the various outlet channels based on said streamlines. The authors in [195] show the
separation of 3.8 ± 1.5, 28.8 ± 7.4, and 47.7 ± 7.4 µm oil droplets using the chip.
To make this chip with 8 inlets/outlets, a commercial chip holder was used (Dolomite
Microfluidics) and each outlet channel was made identical in length and depth to avoid differences
in backpressures that would skew the separation. The dimensions of the chip are 50 µm overall depth,
100 µm wide inlets converging to 50 µm wide and 100 µm long constriction, followed by a broadening
that is formed by the intersection of 6x 200 µm channels. Because of the flow rate limitations (5

Figure 9.8. Pinched flow fractionation (PFF)-based separation of satellite particles. A) Schematic of the pinched flow
fractionation chip. Figure reprinted with permissions from ref. [195]. Copyright © 2008 American Chemical Society. B)
Separation of small and large PLGA particles. C) Constant and rapid onset clogging occurs due to the unstable loading of the
particles.
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Figure 9.9. Inertial focusing of satellite particles. A) Overall image of the spiral chip: 4 mm radius of the first rotation, 5
rotations and 200 µm pitch. B) Light microscope image of the separation of 3 µm and 11 µm particles.

µL/min for the particles and 45 µL/min for the continuous phase) already condensed particles were
loaded, as flow-focusing droplet formation is often done at 100+ µL/min.
We see in Figure 9.8B, all the small particles enter exit channels 1, 2 and 3, with channel 3
occasionally taking in a larger one. Most of the larger parent particles exit channel 4. None of the
particles do not enter channel 5 and or the primary exit channel, here only the continuous flow flows
there. The primary limitation of this approach is the settling of the pre-formed particles within the
syringe and the resulting inconsistent rush of particles within the PFF chip (Figure 9.8C). This rush
of particles results in the clogging of the constriction, disrupting the flow and hindering with particle
collection. The clog can be removed with solvents, but does hinder the utility of the method.
Dean flow – spiral microfluidic separation
The initial spiral chip was designed based on Lisa Sprenger’s suggestion of the geometry [196]. The
spiral has a radius of 4 mm, pitch of 200 µm and 5 rotations with the splitting at the end being even
and a final depth of 43 µm (Figure 9.9A). In addition to the chip, a new chip holder was printed in
PLA. The chip was tested with HPG coating to minimize the interaction between the PLGA particles
and the channel walls.
The chip was designed in dimensions to separate already condensed particles -- as opposed to
continuous in-line separation. When connecting the flow focusing chip in-line to this spiral chip, the
droplets appeared too large, approaching the dimensions of the channel, resulting in strong
interaction between the droplet and the channel walls and failing to separate properly. Here the
primary droplets at the end of the flow focusing chip are around 44 µm, while the satellite droplets
are 10 µm.
Instead, already produced and washed particles in sizes of 3 µm and 11 µm were loaded into
the chip. This is a particularly tedious task as the particles end up settling in syringe within seconds
or settling in the tubing resulting in a clog. Separation only briefly occurred, with the output of the
particle being too low for size analysis. When observed by eye, equal distribution of small particles
were evident on both sides of the channel (Figure 9.9B). While none of the big particles entered the
right exit, a large fraction of the satellites did exit with the primary particles.
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Figure 9.10. Larger dean flow design. A) Schematic of spiral microfluidic channels used for dean’s flow fractionation. B)
Histogram of particle distribution for the inner wall channel in Dean’s flow chip, C) Histogram of particle distribution collected
for the outer wall channel. Both: Gaussian fit was approximated to the histogram and mean diameter and standard deviation.
Light microscope images taken shown with a 50 µm scale bar.

A larger dean flow chip was designed with an added continuous phase channel and larger
channel dimensions in order to separate uncondensed droplets. The channel dimension, radius and
pitch is based on ref. [197], with a 500 µm wide and 155 µm deep channel (Figure 9.10A). Here, the
particles were directly in-line introduced into the spiral chip, with a 1:9 ratio of the droplet sample
to continuous flow rate. The starting sample characteristics are shown in Figure 9.10B, with an
average parent droplet diameter of 20 µm and 3 µm for the satellite particles. Separation of the
particles had a much higher output than the previous version and yielded enough particles for
quantification. Droplet formation was not impaired with the in-line connected spiral chip. The results
show significant clean-up of the small particles, albeit some of the parent particles did contaminate
the sample (Figure 9.10C).

9.2.3. Monoliths to break-up droplets
Thiol-ene monoliths are a collection of thiol-ene beads of approximately 1 µm in diameter, cured
within a channel, providing for a macro-porous structure. In order to get small PLGA particles
(perhaps even nanoparticles), thiol-ene monolith was used to break up larger droplets (see schematic
in Figure 9.11A). The monolith length was increased to 7 mm to try to further break up the particles
(Figure 9.11B), as previously (not shown here) 2.5 mm was not sufficient to break up all the droplets.
Using this chip design, six identical monolith chips were made. Of the six chips, only 1 resulted
in ideal droplet breakup properties, the rest resulted in larger microspheres. For the working
monolith, in consequence of its length, there was tremendous back pressure prohibiting the proper
flow focusing of droplets. Instead intermittent PLGA droplets entered the monolith with some
continuous phase (at very low flow rates of under 10 µL/min total flow rate due to the backpressure).
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Nonetheless, the exiting droplets were mostly very small, with only seldom getting large droplets
(Figure 9.11C).
The resulting PLGA droplets were analyzed both with DLS and manually measured by hand
through a light microscope image. DLS shows very high PDI’s of ~0.3 depending on the specific
measurement. The average sizes were 750-800 nm (Figure 9.11D). Interestingly, the light microscope
shows an average size of 2.4 µm (Figure 9.11E) and these particles did not show up on the DLS.
Potentially, the particles settled at the bottom of the cuvette, or (most likely) they represent a far
smaller fraction than the nanoparticles that are not visible under the light microscope. It is evident
that the monolith method is still very much a work in progress, albeit holds promise for the breakup
of droplets if monodispersity is not critical.
Methods for the thiol-ene monolith: Chip was milled at 50 µm depth with a 100 µm orifice and small
indentations on the opening channel to physically hold the monolith in place. The outlet channel is
200 µm in-depth in order to minimize surface interactions between the channel walls and the thiolene emulsion. Various monolith conditions were tested in different chip geometries. The best
condition as follows: A deeper outlet geometry is better such as 50 µm deep/500 µm wide, or 200 µm
deep/600 µm wide all worked far better than 45 µm deep/1000 µm wide. Thiol-ene emulsion is 20%
thiol-ene monomers (40% ene excess), and 80% methanol. It is stirred for 5 minutes (2000 rpm), then
10% TPO-L dissolved in EtOH is added to make up 0.1% TPO-L final concentration in the solution
(15 µL to 1500 µL). The solution is stirred for an additional 5 minutes, then quickly loaded into the
channels. Pre-hydrophilic coated chip is masked off such that 4-7 mm of the outlet channel is exposed
to the UV light. It is exposed to 15 mW/cm2 for 60 seconds, then flushed with N2. It is re-exposed
for 60 seconds, then washed with MeOH. Then a standard hydrophilic coating is applied to the
monolith.

Figure 9.11. Monolith-based small particle production. A) Illustration of the thiol-ene monolith in the opening of a flow
focusing chip in order to break up the PLGA emulsion. B) Example image of a monolith. Denser (or longer) monoliths create
too much back pressure. D) Dynamic light scattering of the broken-up emulsion at t = 0 and t = 45 min into the production
as indicated. E) Manually sized particles (t = 0) based on a light microscope image.
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Figure 9.12. Milled designs. Two types of designs were milled, a turbulence-based (left) and split and re-combined/turbulence
based Tesla mixer (right).

9.3. Microfluidic nanoparticle synthesis

Prior to utilizing the microvortex chip for nanoparticle synthesis, a few standard mixing geometries
were investigated. The results below show the performance of the Tesla mixer, iLiNP device and the
staggered herringbone mixer.
9.3.1. Tesla mixer and iLiNP designs
The two alternative chip designs are shown Figure 9.12. For the first design, namely the iLiNP chip,
the authors show 10 nm size modulation based on the flow rates [104]. The chip design was discussed
in Section 5.5.2, with the maxing basis relying on convergence and divergence. The second design
(the Tesla mixer) is well known and frequently used for NPs -- as an example see the highly cited
Valencia et al. in ACS Nano [97]. Here, different repeats were fabricated, 6 or 12, as varying the
repeat amounts modulated may modulate the size range. For the iLiNP design, the on-chip
aggregation is immediately apparent, Figure 9.13A. The resulting NPs were highly aggregated and
hence polydisperse, with the DLS revealing secondary or tertiary peaks, with the average size between
300-500 nm (data not shown). Varying the flow rate (100 µL/min vs. 500 µL/min) does not appear
to

Figure 9.13. Rapid onset of aggregation with the Tesla and iLiNP design. A) iLiNP chip and B) Tesla mixer. Microscope image
taken shortly after starting the NP production under a light microscope. All solutions were mixed from a lipid (10 mg/mL,
EtOH) and a PLGA (50 mg/mL, THF) stock solution. siRNA was dissolved in MQ at 1 mg/mL concentration. A 4 mg/mL
solution (200 µL) at a ratio of 1+4, 2.7 µL of siRNA stock added to a tube (2.7 µg), in this 7.3 µL of extra water, then 163 µL
of THF, 13 µL of the lipid stock (0.13 mg), finally 13 µL of the PLGA (0.67 mg) added.
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Figure 9.14. A) Top: SHM mixer, 300 µm wide, 100 µm deep with extra 70 µm downward grooves that are 100 µm wide.
Bottom: microscope image of mixing performance at 20 µL/min. B) Mixing performance in milliseconds at indicated flow
rates determined using phenolphthalein. C) Average NP size and PDI at indicated flow rate ratios. Overall flow rate of 800
µL/min, lipid to PLGA 1 + 2, with a 5 mg/mL overall concentration. D) Comparison of the average size and PDI of LNPs
(blue) and PLGA only particles (red), at the indicated flow rates. Flow rate ratio of 1 + 3, solvent to water. Overall
concentration PLGA or Lipid/PLGA 5 mg/mL. Lipid to PLGA ratio of 1 part to 3 parts. E) Size and PDI comparison of
increased lipid concentration. One to one lipid to PLGA (red) or one part to three parts lipid to PLGA. Flow rate ratio of 1
+ 3, solvent to water at 5 mg/mL concentration. For all samples C-E), solvent is acetone with 1.5% ethanol, anti-solvent
is MilliQ water. Centrifuged at 15,000g for 5 min at 4 °C, resuspended in MilliQ and DLS obtained.

modulate the size, nor can concrete conclusions be drawn from the flow rate ratio (1:5 or 1:10).
Similar results were produced using the Tesla mixer. Rapid onset of aggregation was apparent, Figure
9.13B, and the resulting samples all exhibited bi-tri-modal distribution.
The primary reason for the aggregation likely stems from surface interaction between the
lipid-PLGA mixture and the thiol-ene chip. Unlike the microvortex chip with 1000 µm x 200 µm
channels, both chips here have small feature sizes. In addition, aggregation appears rapidly near the
junction of the flow focusing region; therefore, low mixing performance in this diffusion-dominated
region may be a strongly contributing factor for aggregation.
9.3.2. Staggered-herringbone design for NP production
In order to achieve more rapid mixing, the well-understood staggered herringbone micromixer was
tested (Figure 9.14A [99, 100]). The results show that the SHM allows for rapid mixing on a ms time
scale, that is consistent with previously published data [101], (Figure 9.14B). Further tests were run
to investigate the ratio of lipid/PLGA to the water phase for size modulation. The results show that
a low ratio is required, at least one-part solvent to five parts water, in order to avoid significant onchip precipitation, even with a hydrophilic surface coating (Figure 9.14C). When comparing PLGA
(red) and lipid/polymer (blue) nanoparticles, the addition of the lipid increases the mean size of the
particles by ~20 nm (Figure 9.14D). Both formulations show some degree of size control via the flow
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rate; however, the polydispersity of the samples is relatively high. Additional investigation of the
lipid concentration was conducted in Figure 9.14E, which compares equal concentration of lipid to
PLGA (red) and one-part lipid to three-parts PLGA (blue). Here, it is evident that further increasing
the lipid concentration increases the mean size of the NPs. As seen before, the PDIs are relatively
high as well. Moreover, the mean size with relation to the flow rate is inconsistent, resulting in larger
particles at higher flow rates. Overall, these results shed doubt on the effectiveness of the SHM, in
particular with regards to consistency and monodispersity. Further investigation of the SHM mixer
was not conducted.
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Chloroform compatible, thiol-ene based replica
molded micro chemical devices as an alternative
to glass microfluidic chips
Reka Geczy,
Urs O. Häfeli

ab
ab

Drago Sticker, a Nicolas Bovet,c
and Jörg P. Kutter *a

Polymeric microfluidic chips offer a number of benefits compared to their glass equivalents, including
lower material costs and ease and flexibility of fabrication. However, the main drawback of polymeric materials is often their limited resistance to (organic) solvents. Previously, thiol-ene materials were shown to
be more solvent resistant than most other commonly used polymers; however, they still fall short in
“harsh” chemical environments, such as when chlorinated solvents are present. Here, we show that a simple yet effective treatment of thiol-ene materials results in exceptional solvent compatibility, even for very
challenging chemical environments. Our approach, based on a temperature treatment, results in a 50-fold
increase in the chloroform compatibility of thiol-enes (in terms of longevity). We show that prolonged heat
exposure allows for the operation of the microfluidic chips in chloroform for several days with no discernable deformation or solvent-induced swelling. The method is applicable to many different thiol-ene-based
materials, including commercially available formulations, and also when using other commonly considered
Received 16th November 2018,
Accepted 22nd January 2019
DOI: 10.1039/c8lc01260a
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“harsh” solvents. To demonstrate the utility of the solvent compatible thiol-enes for applications where
chloroform is frequently employed, we show the continuous and uniform production of polymeric microspheres for drug delivery purposes over a period of 8 hours. The material thus holds great promise as an
alternative choice for microfluidic applications requiring harsh chemical environments, a domain so far
mainly restricted to glass chips.

Introduction
Organic solvents generally considered “harsh,” including
chloroform, find numerous laboratory, pharmaceutical and
industrial applications, such as for solvent-based extraction
and purification and dye production. These processes are
commonly carried out in glass apparatus due to the chemical
resistance and optical clarity of glass. Large, mass-produced
glass is easy and relatively inexpensive to manufacture; however, costs rise significantly when the size or production numbers of the devices are smaller. This is particularly relevant
for glass microfluidic devices, which are labor intensive and
costly to produce, severely limiting prototyping of the microfluidic chips to, for example, optimize channel geometries. As
very few polymers are compatible with chlorinated solvents,
glass microfluidic chips are still commonly employed under

a
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Copenhagen, 2100 Copenhagen, Denmark. E-mail: jorg.kutter@sund.ku.dk
b
Faculty of Pharmaceutical Sciences, University of British Columbia, Vancouver,
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harsh chemical conditions. Glass chips are, for example, used
for solvent extraction and purification,1 droplet and nanoparticle fabrication,2 and on-chip HPLC.3
To mitigate the production cost and challenges of fabricating microfluidic chips, polymeric alternatives have been
widely employed. Polydimethylsiloxane (PDMS) is currently
the most widely used material for microfluidic devices in academia, offering straightforward and low cost fabrication, optical clarity, and oxygen permeability (important for cell cultures);4 however, it is lacking solvent resistance, resulting in
swelling in a broad range of mild and harsh solvents.5 Therefore, recent trends are towards the development and use of
alternative polymers for microfluidic purposes, specifically
aiming to combine solvent resistance and ease of fabrication
when compared to glass. Proposed alternative materials include fluorinated polymers,6,7 fluoroelastomers,8–10 polyimides,11 as well as various coatings on conventional chip
materials, such as sol–gel salinations12 and polyelectrolyte
coatings.13 The proposed materials, while extremely solvent
resistant, still present other drawbacks, which may include
cumbersome fabrication steps, highly hydrophobic surfaces,
incompatible mechanical characteristics, or unfavorable optical properties. Coatings, on the other hand, are more difficult
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to consistently prepare at a uniform thickness without any
pinhole defects, are subject to cracking, and are often less
stable (e.g., due to potential degradation).
A fairly new thermoset polymer class, which is based on
the thiol-ene crosslinking reaction, is gaining attention for
microchip fabrication.14–17 These thiol-ene polymers are excellent for rapid prototyping due to their compatibility with
standard ‘soft-lithography’ techniques in combination with
properties such as optical clarity, applicability to replica
molding, and good chemical resistance to a range of mild
solvents. Thiol-ene based polymers have already been shown
to be more solvent resistant than other commonly used polymers, e.g., PDMS and cyclic olefin co-polymers (COC). Solvent
resistance has previously in particular been investigated for
the commercially available Norland Optical Adhesive (NOA81), showing good compatibility with most organic
solvents.18–20 However, this was not the case for chlorinated
solvents, showing greater than 30% swelling for chloroform.19
Therefore, for microfluidic applications relying on chloroform
as the main solvent, e.g., for the production of drug delivery
vehicles, pristine (untreated) thiol-ene falls short in solvent resistance resulting in rapid material deformation.
Previous attempts to modify thiol-enes for gaining solvent
resistance are few and show limitations. The addition of
1 wt% carbon nanotubes to the material has been shown to
reduce toluene and acetone-induced swelling, though
harsher solvents were not tested.21 Importantly, single walled
carbon nanotubes are optically opaque, costly and difficult to
nanofabricate. An alternative approach is through the use of
ester-free thiol monomers, as esters are quickly hydrolyzed
in acidic and basic environments.22 These monomers, while
yielding polymers with acid/base resistance, are not commercially available, which limits their relevance for most research facilities.
Here, we present a method for treating thiol-ene polymers
to overcome the susceptibility to, especially, chloroform. We
show that a simple and effective treatment, heat exposure beyond the glass transition temperature, results in a significant
increase in solvent resistance. Upon heat treatment for 60
hours at 200 °C, the polymer shows no apparent sign of
chloroform-induced degradation or deformation even after
48 hours of continuous exposure to the solvent. In comparison, under the same conditions, untreated chips are rendered unfunctional due to material deformation within a
matter of hours. For the proof-of-concept, we show the utility
of the modified material for the prolonged production of
microspheres using droplet microfluidics, where chloroform
in water emulsions are frequently employed.

Results and discussion
In order to improve the resistance of thiol-ene materials to
chloroform, two approaches have been investigated - surface
coating and bulk modification. Initially, various previously
described surface coatings were investigated, such as siliconbased sol–gel coatings23 and Teflon AF24 (data not included).

Paper

Results showed that the employed surface coatings offer marginal resistance against solvents, are not stable, and are difficult to achieve in a consistent manner. Therefore, modification of the bulk material was investigated as an alternative
strategy. For bulk material modification, it was found that
heat treatment under ambient air conditions results in a
dose and exposure dependent response in solvent resistance.
Chloroform compatibility of heat-treated thiol-ene polymer
Solvent resistance of thiol-ene polymers when exposed to
chloroform (and similar “harsh” solvents) was investigated by
evaluating the induced channel swelling,5 where the starting
and final channel widths are measured using light microscopy. As the bulk material swells in response to solvent exposure, the channel width becomes smaller. We can define the
channel width decrease in percent (for simplicity, we will refer to this as “% swelling” in the discussion) using the following equation,

% width decrease =

Initial width Final width
Initial width

100%

(1)

Here, 100% swelling corresponds to an infinitesimal final
channel width. The percent ratio of final and starting channel dimensions were plotted after chloroform exposure at 10
μL min−1 flow rate across an initially 500 μm wide straight
channel. The influence of exposure temperature and exposure time is shown in Fig. 1A and B, where the swelling of
both photoinitiator-free and 0.5% TPO-L containing thiol-ene
polymers were investigated after a 1-hour chloroform exposure. The addition of photoinitiator greatly reduces the baseline swelling of the material from 25% swelling (Fig. 1A) to
6% swelling (Fig. 1B) after 1-hour chloroform exposure. Notably, both photoinitiator-free and photoinitiator containing
thiol-ene chips show a temperature and time dependent response to the heat treatment, where increasing temperatures
or longer exposure times reduce the swelling of the material.
A rapid gain in solvent resistance is seen after just 1 hour of
heat exposure, leveling off with further increased exposure
times. Both materials show virtually no swelling after 16
hours at 200 °C heat exposure.
Next, instead of short term chloroform exposure, chips
were exposed to chloroform at a 10 μL min−1 flow rate for up
to 48 hours and channel widths were measured at regular
intervals during the exposure period. Triplicates of photoinitiator free and 0.5% TPO-L thiol-ene were heat treated
for 60 hours at 200 °C, while appropriate control chips
were maintained at room temperature for 60 hours. Here,
we see that both initiator-free and photoinitiator containing control samples exhibit significant swelling in response to chloroform exposure over the course of 48 hours
(Fig. 1C and D, blue lines). Moreover, the photoinitiatorfree thiol-ene chips swell to a significant level after 24 hours
such that the syringe pump malfunctions due to the swellinginduced narrowing of the channel diameter. After heat
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Fig. 1 Effect of heat exposure on solvent resistance. (A) 100 °C (blue),
150 °C (red) or 200 °C (green) heat applied to chips for indicated time
points. Chips were then exposed to chloroform for one hour and the
channel width was measured. (B) Same as (A), except 0.5%
photoinitiator (TPO-L) added to bulk material. (C) 200 °C heat applied
to chips for 60 hours (red), or RT control (blue). Chips were exposed to
chloroform for the times indicated, after which the channel width was
measured. (D) Same as (C), except 0.5% photoinitiator (TPO-L) added
to bulk material. All chips were cured for 10 minutes at 90 mW cm−2
under 365 nm light. All data points were run in triplicates. Error bars
represent standard deviation among replicates. (E) Image of thiol-ene
chips, control and 200 °C heat treated at indicated time points. Chips
were imaged simultaneously under identical lighting conditions.

treatment, however, no detectable swelling is seen
(Fig. 1C and D, red line) for the course of 48 hours. No significant difference in swelling is seen between the initiator-free
and TPO-L chips, which is particularly important if initiator
leaching is of concern for the application in mind.
Interestingly, a characteristic color change occurs after
prolonged heat exposure, where the material changes from
clear (Fig. 1E) to a yellow-orange hue, potentially hinting to
the onset of complex carbonization processes in the material.
The color change is important to keep in mind for certain
optical applications, as the material now exhibits strong
absorbance in the blue-violet region between 400–500 nm.
Heat treatment does not affect the absorbance properties in
the UV-A region and above 500 nm.
Chloroform compatibility of heat-treated thiol-ene derivatives
In order to investigate the universal applicability of heat
treatment for other formulations and monomer combinations, additional thiol-ene based formulations were tested.
In the first set of experiments, the allyl monomer was
varied from the previously investigated triallyl-triazine-trione
(Fig. 2, black) to the triallyloxy-triazine (blue). In addition,
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Fig. 2 1-hour chloroform exposure of various thiol-ene formulations,
before and after 40-hour 200 °C heat treatment. Control: TTT with
PETMP, black; triallyloxy-triazine with PETMP, blue; NOA-81 commercial
adhesive, red; Ostemer 322 commercial thiol-ene-epoxy, green. The inhouse mixtures are stoichiometric with regards to the allyl and thiol
functional groups and contain 0.5% TPO-L photoinitiator. All chips were
cured under 90 mW cm−2 for 10 minutes after assembly. Both Ostemer
322 samples were heated for 1 hour at 110 °C as suggested by the manufacturer. All samples were run in triplicates, error bars represent standard deviation (for abbreviations, see Experimental).

the commercially available NOA-81 (red) and Ostemer 322
(green) formulations were investigated as well. All untreated
thiol-ene materials show significant swelling in response to
one-hour chloroform exposure, with NOA-81 being the most
affected. All samples were heat treated for 40 hours at 200
°C. After heat exposure, all samples displayed basically
negligible chloroform induced swelling, within the range of
0–0.2%. Therefore, the results clearly emphasize the excellent applicability of the heat treatment for a variety of thiolene materials, both in-house mixed and commercial
formulations.
Compatibility with various ‘harsh’ solvents
Universal applicability was further tested for various mild
and harsh solvents previously investigated in connection with
thiol-ene polymers.19,20,25 For the mild solvents (water, ethanol, isopropanol, hexane and toluene), both the control and
heat-treated materials show negligible swelling, under 0.5%
after a 24 h exposure period (data not shown). Therefore,
long-term exposure studies were focused on the solvents
most damaging to thiol-ene: tetrahydrofuran (THF), dimethylformamide (DMF), acetone (ACE), acetonitrile (ACN), chloroform (CF) and dichloromethane (DCM). Here, 4-day long solvent exposure experiments were conducted, where single
channel chips were fully submerged in the solvent and the
channel width decrease was assessed according to eqn (1).
The bulk material contained 0.5% TPO-L photoinitiator for
both the control and 200 °C, 60-hour heat treated chips. The
results show that heat treatment increases solvent resistance
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Fig. 3 Applicability of heat treatment for various harsh solvents. Thiol-ene chips with 0.5% TPO-L photoinitiator were exposed to (A) tetrahydrofuran, (B) dimethylformamide, (C) acetone, (D) acetonitrile, (E) chloroform, (F) dichloromethane. Blue lines show untreated and red lines show heat
treated chips at 200 °C for 60 h. Channel widths measured every 24 hours in triplicates. Error bars represent standard deviation.

for all tested solvents (Fig. 3), albeit to various extents. THF,
DMF and ACE (Fig. 3A–C) resulted in similar degrees of swelling in the untreated controls (blue), from 6–12% over the
course of 96 hours. Heat treatment (red) mitigated swelling,
and all samples show little to no swelling, 0–1.5%. Acetonitrile affected both the control and heat treated samples; however, the heat treated samples faired significantly better
(Fig. 3D). Even so, exposure to acetonitrile over extended time
periods is ultimately damaging both treated and untreated
materials. Increasingly damaging, chloroform resulted in
chip failure for the control samples between 24–48 hours,
Fig. 3E. As already shown above (Fig. 1D), heat treatment
completely prevents swelling for the first 48 hours. Interestingly, solvent resistance wears off by 72 hours, upon which
swelling occurs; still, the channels maintain functionality up
to the 96 hours mark. The level of swelling at 96 hours appears already after 2 hours in the untreated material, thus
yielding a 50-fold increase in solvent compatibility (in terms
of longevity) as a result of heat treatment. Finally, the most
damaging solvent is dichloromethane, Fig. 3F, where both
the control and heat treated materials are significantly affected. The control material is rendered non-functional
within 4–5 hours, while heat treatment prolongs the time to
channel failure to 16 hours. In general, heat treatment shows
excellent utility for various applications requiring a range of
organic solvents.

ent air, argon, or nitrogen were conducted using 0.5% TPO-L
containing thiol-ene. The materials were heated for 60 hours
at 200 °C or remained at room temperature. What is immediately apparent is the stark color difference between the three
groups, with the characteristic orange color only apparent in
the 200 °C air samples (Fig. 4A). A slight discoloration of the
argon and nitrogen samples is presumably due to an incomplete replacement of ambient air. Subsequent exposure to
chloroform for 16 hours highlights the necessity of air (oxygen) during the heat treatment. The results show that heating
under argon or nitrogen is not sufficient to achieve chloroform resistance (Fig. 4B), showing a nonsignificant difference
in swelling between chips treated under argon or nitrogen
and the controls. Only when heated in air are the desired effects observed.
In order to investigate whether the oxidation of sulfur
atoms directly increases the solvent compatibility, thiol-ene
chips were oxidized using hydrogen peroxide. Similar to the
heat treated samples, chemical oxidation of the thiol-ene
chips resulted in significant gains in solvent resistance

Investigation of heat treated thiol-ene polymer
In order to investigate the underlying mechanism of the
thiol-ene heat treatment, several additional experiments were
performed. Given that the samples are heated in the presence
of oxygen, we hypothesized that oxidation of the thiol groups
to sulfoxides and sulfones may be contributing to the increased solvent resistance. Based on the work of Podgórski
et al., chemical oxidation of thiolether materials results in
mechanical property enhancements (such as a significant increase in the glass transition temperature).26 It was hypothesized that oxidation of the thioethers improves the compatibility to solvents. To investigate whether the presence or
absence of oxygen is required, thiol-ene chips were heated
under argon or nitrogen in a sealed aluminum vessel. Controls at room temperature, and the samples heated in ambi-

Fig. 4 Heat treatment in air or argon. (A) Image of the control, 200 °C
air heated, 200 °C argon, 200 °C nitrogen heated chips. (B) Chips were
heated at 200 °C for 60 hours in the presence of ambient air (purple),
argon (red) or nitrogen (green). Control chips remained at room
temperature for 60 hours (blue). Chips were subsequently exposed to
chloroform for 16 hours, and channel swelling was measured. All chips
contain 0.5% TPO-L photoinitiator. Error bars represent standard deviation, n = 3. Unpaired t-test was conducted assuming unequal standard deviations.
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Fig. 5 Effect of oxidation on solvent resistance. (A) Chips immersed in
2.5% (blue), 5% (red) or 10% H2O2 (green) for indicated time points.
Chips were subsequently exposed to chloroform for one hour and the
channel size was measured. (B) Same as (A), except 0.5% photoinitiator
(TPO-L) added to the bulk material. All chips were cured for 10
minutes at 90 mW cm−2 and 365 nm. All data points were run in
triplicates. Error bars represent standard deviation among replicates.

(Fig. 5A and B). After 16 hours of 10% H2O2 treatment, both
photoinitiator free and 0.5% TPO-L containing polymers
achieve low levels of swelling after chloroform exposure, at
5.5% and 0.8%, respectively (Fig. 5A and B, green). Still,
chemical oxidation was not able to achieve the same degree
of solvent compatibility as heat treatment. Increasing the
concentration of H2O2 results in chemical burns of the
photoinitiator-free material, leading to delamination and deformation. Therefore, we found that 16 hours of exposure to
10% H2O2 yields the maximum achievable oxidation without
material damage. Since the results clearly demonstrate that
chemical oxidation of the material significantly improves the
swelling behavior, the heat treated materials were further investigated on the oxidation state of the sulfur.
To probe the oxidation state of the heated samples, X-ray
photoelectron spectroscopy (XPS) measurements were
performed. XPS is the ideal method for investigating surface
oxidation, because the addition of oxygen to the sulfur results
in large peak shifts in electron binding energy in the spectrum. For the measurements, 60 h at RT control, 16 h in 30%
hydrogen peroxide and 60 h at 200 °C heat treated disks of
thiol-ene were analyzed and the sulfur binding energies
(S2p doublet) are shown in Fig. 6A. The results show that the
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control sample is mildly oxidized to sulfoxides, with 76.7%
unmodified thiols and 23.3% sulfoxide formation,
Fig. 6A, red. Here, we see mostly unmodified thiols with the
S2p3/2 at 163.3 eV as well as the minor fraction of sulfoxides,
where the addition of a single oxygen shifts the S2p3/2 peak
to 165.6 eV. The H2O2 treated sample is (as expected) almost
fully oxidized to sulfones, showing 81% sulfones (167.8 eV),
12.6% sulfoxides (165.9 eV), and 6.6% unmodified thiols
(163.3 eV), Fig. 6A, blue. Finally, the heated sample shows no
oxidation at the sulfur atom, Fig. 6A, green. The heated sample shows 100% unmodified thiols (163.3 eV) and hence this
data strongly suggests that oxidation of the thioether is not
the underlying mechanism for the increased solvent
compatibility.
XPS spectra for other species than sulfur were also investigated. Both nitrogen and oxygen spectra showed no discernable difference between the heated and unheated samples
(data not shown). Interestingly, only the carbon spectra revealed a change. The carbon peak of the heated sample displays increased broadening of around 25% with prolonged
heat treatment, which is indicative of a more disordered
chemical environment. Curve fitting of the carbon spectra of
the unheated (Fig. 6B) and heated (Fig. 6C) samples shows a
0.3 eV difference of the full width at half maximum (FWHM).
This points to the possibility that heat is changing the structural arrangement of the thiol-ene material.
In order to investigate whether heat treatment changes
the mechanical properties of the thiol-ene polymer, dynamic
mechanical analysis (DMA) was performed on 200 °C heat
treated (16 and 60 h) and pristine (RT control) thiol-ene
slabs. The storage modulus is shown in Fig. 7A, where no significant difference is apparent in both the glassy and rubbery
state for the control and heat treated samples. The glass transition temperature (Tg) of the pristine samples was determined to be 64 °C, while the heat treatment increased the Tg
to 87 °C and 117 °C, for 16 h and 60 h treatments, respectively (Fig. 7B). Since an increase of Tg is directly related to a
decrease in free volume inside the polymer, the result supports the hypothesis of a volumetric change in the polymer

Fig. 6 Sulfur and carbon XPS spectra. (A) Combined sulfur XPS spectra of control (red, 60 h at RT), heat treated (green, 60 h at 200 °C), or H2O2
oxidized (blue, 16 h in 30% H2O2) materials. Spectra show the S2p binding energy region. Control sample shows both unmodified thiols and
sulfoxides. 60 h at 200 °C heat treated samples show no oxygen modification of the thiols. H2O2 oxidized sample shows all three sulfur species
present – sulfones, sulfoxides and unmodified thiols. (B) Carbon 1s binding energy region for control (60 h at RT) sample. (C) Carbon 1s binding
energy region for heat treated (60 h at 200 °C) sample.
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Fig. 7 Dynamic mechanical properties of heat treated thiol-ene materials. (A) Storage modulus and (B) tan delta measurements of the pristine (blue), 16 h (green) 200 °C and 60 h 200 °C (red) heat treated
samples. All data points were run in triplicates.

due to the heat treatment.27 A decrease in free volume is
known to be directly related to a decreased penetration of solvents into the polymer and would hence result in decreased
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swelling.28 To further confirm a volumetric change, density
and mass measurements were conducted showing 0.18 ±
0.03% increase in density and a 0.58 ± 0.02% decrease in
weight. The combined effect of the two changes yields a decrease of approximately 0.75% in polymer volume. Additional
analysis of the DMA data shows that the full-width-at-halfmaximum (FWHM) values for the glass transition of the pristine and the 16 h and 60 h heat treated samples are 15 °C, 21
°C and 45 °C, respectively (Fig. 7B). While the pristine polymer exhibits a sharp single peak, an additional shoulder appears for the 60 h heat treated samples. This indicates an increase of the structural heterogeneities of the heat treated
network compared to the pristine network. The structural
heterogeneity seen in the mechanical data is perfectly in line
with the XPS carbon spectra, where a more disordered environment was detected. The results from these additional experiments seem to support the hypothesis that a reduction of
the void volume of the material upon heating, and hence the

Fig. 8 Pharmaceutical application of solvent resistant thiol-ene chips. (A) Schematic illustration of flow focusing chip used for microsphere production.
Chip dimensions include 50 μm overall depth, 100 μm wide orifice and a 1 mm wide opening with 200 μm depth. (B) Water contact angle development
over time of heat-treated thiol-ene and subsequent plasma treatment for 20 minutes (purple), 40 minutes (orange), 1 hour (red), 2 hours (blue) and control (green). Contact angles were followed for 24 hours. Error bars represent standard deviation among triplicates. (C) Relative size of particles over the
course of production. Sizes were normalized to hour 0 average diameters, for both heat treated chips (red) and untreated chips (blue). Heat treated
chips contain 0.5% TPO-L and untreated chips contain 1% TPO-L. (D) 60 h 200 °C heat treated chips were plasma treated for 1 hour. PLA particles were
continuously produced for 8 hours. Dispersed phase was 5% PLA in chloroform, and continuous phase 1% PVA in water. Upon washing, particles were
sized and Gaussian distributions plotted, from which coefficient of variations (CV) were derived. Results at the beginning of production, and after 2, 4,
and 8 hours are shown. The numbers of particles seen in the microphotographs are not correlated to chip performance.
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decreased ability of the solvents to penetrate into the material, is mainly responsible for the improved solvent compatibility. Still, the presence and role of oxygen during heating,
and how this contributes to the overall solvent compatibility,
is still not conclusively elucidated. More detailed experiments
are therefore still necessary; however, we deem this to be well
outside the scope of the work described here.
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Chloroform resistant chip for microparticle production
Finally, we show the applicability of the solvent resistant
thiol-ene material in the context of pharmaceutical microparticle production, where the usage of glass microfluidic chips
is the gold standard. Here, we use a conventional flow focusing geometry for the production of chloroform/PLA droplets
in water. The chip geometry is shown in Fig. 8A, featuring a
100 μm wide and 50 μm deep orifice, and a 1 mm wide and
200 μm deep opening. For droplet formation in two-phase
flow microfluidics, surface wettability becomes a critical concern. Ultimately, the continuous phase should exhibit favorable surface wetting, contrary to the dispersed phase, where
surface wetting should be minimized.29 Therefore, for PLA
microsphere production, which is based on an oil-in-water
emulsion, hydrophilic channels are required. Pristine thiol-ene
has a water contact angle (WCA) of 60–70° (depending on
composition), which can present a serious challenge for
droplet-based microfluidics. Some strategies have been previously implemented to modify the channel surface, generally
taking advantage of free thiol groups in off-stoichiometric
thiol-ene (OSTE) chips.30,31 These “click” modifications include PEG (WCA = 52°), acrylic acid (WCA = 43°), and hydroxyethyl methacrylate (WCA = 43°). Importantly, high excess of
thiol groups results in only “loosely” polymerized chips causing a 3-fold increase in solvent susceptibility, as shown
through acetone induced swelling studies.30 For the case of
chloroform, we found an over 37-fold increase in swelling in
90% thiol-excess chips when compared to the stoichiometric
control (data not shown). PEG addition to allyl excess thiol-ene
has been shown to yield a 35° WCA;14 however, we were only
able to achieve a 40.5 ° WCA, which is not hydrophilic enough
for droplet microfluidics. Therefore, to achieve favorable wettability while maintaining solvent resistance, plasma treatment
was used to increase the hydrophilicity of the channel surfaces. Fig. 8B shows that the heat-treated thiol-ene surface has
a contact angle of 90°, while with prolonged plasma treatment
it decreases down to 9.2° (for 2 h treatment). The data shows
that no significant gains in contact angle are made after 40
min of plasma treatment. Moreover, plasma treatment wears
off with time, which is suboptimal, as changes in the surface
wettability can interfere with consistent microsphere production. Lastly, as plasma treatment of the inner surface renders
chip bonding impossible, the chip halves have to be manually compressed together for sealing.
For the production of microspheres, the thiol-ene chip
halves were heat treated for 60 hours and subsequently
plasma treated for one hour. The chip was then used for the
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flow focusing of 5% (w/v) PLA in chloroform with 1% (w/v)
polyvinyl alcohol (PVA) in water as the continuous phase. Initially, it is important to note that the particle diameter rapidly decreases in untreated thiol-ene chips due to heavy swelling of the dispersed phase channel (i.e., the channel exposed
to chloroform). As a consequence, within four hours, the particle diameter is only 80% of the value at the beginning,
resulting in a polydisperse sample (Fig. 8C, blue). In comparison, in the heat and plasma treated chips the particles maintain a similar diameter over the course of 4 hours (red).
Additionally, microspheres were collected for 10 minutes
every 2 hours for a total of 8 hours of continuous operation
using heat treated chips. The results show that the heat
treated thiol-ene is capable of producing consistent particles
for the duration of 8 hours (Fig. 8D). The coefficient of variation (CV) of the main droplets remain low throughout; however, increasing amounts of satellite particles are formed after 6 hours. This is likely due to the plasma treatment
wearing off as shown in Fig. 8B; therefore, better approaches
for providing sufficient and long-term stable surface hydrophilicity are needed. Nonetheless, given that thiol-ene chips
are simple to fabricate and disposable, chip replacement
upon the degradation of favorable wetting properties is an
easy and valid alternative.

Conclusions
In summary, we present a simple yet effective method for
gaining solvent compatible polymeric microfluidic chips. We
show that heat treatment of thiol-ene materials at 100–200 °C
for up to 60 hours results in a significant increase in chloroform compatibility allowing for the operation of the microfluidic chip for several days. Using XPS and DMA analysis we
show that the heat treatment significantly reduces the void
volume inside the polymer. Based on these findings, we postulate that the solvent compatibility increases due to the decreased ability of solvents to penetrate into the thiol-ene network. However, a complete understanding of the underlying
mechanism is yet to be established and beyond the scope of
this paper. In addition, we show a successful proof-ofconcept application of the material in a pharmaceutical setting. PLA microspheres were synthesized for 8 continuous
hours with consistent main particle sizes. The presented solvent compatible thiol-ene shows promise to replace glass as a
low-cost alternative to many microfluidic applications. Moreover, due to the ease of fabrication and replica molding of
thiol-ene chips, the method opens avenues towards the miniaturization of countless applications utilizing harsh chemical
environments where extensive geometry prototyping poses a
challenge in the development stage.

Experimental
Materials
The monomers (pentaerythritol tetrakisĲ3-mercaptopropionate),
(PETMP),
1,3,5-triallyl-1,3,5-triazine-2,4,6Ĳ1H,3H,5H)-trione,
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(TTT) and 2,4,6-triallyloxy-1,3,5-triazine are all from Sigma Aldrich, Schnelldorf, Germany. Commercial formulations are
NOA-81 (Norland Products Inc., Cranbury, NJ, USA) and 322
Ostemer Crystal Clear (Mercene Labs, Stockholm, Sweden). Positive molds were fabricated on polyĲmethyl methacrylate)
(PMMA, Nordisk Plast A/S, Randers, Denmark) and negative
molding used polydimethylsiloxane (PDMS, Sylgard® 184, Dow
Corning, Wiesbaden, Germany). As indicated, self-mixed formulations incorporated Lucirin® TPO-L (BASF, Ludwigshafen, Germany). Chemical oxidation was done using hydrogen peroxide
(30%, Emsure ISO, Merck KGaA, Darmstadt, Germany). The following solvents were used: chloroform, dichloromethane, tetrahydrofuran, and toluene, (all ACS reag., Merck KGaA, Darmstadt, Germany); acetonitrile (HPLC LC-MS grade, VWR,
Fontenay-sous-Bois, France); dimethylformamide, (ReagentPlus,
Sigma Aldrich, Schnelldorf, Germany). For microsphere production, polyĲD,L-lactide) (PLA, 10–18 kDa, Resomer® R 202 H) and
polyĲvinyl alcohol) (PVA, MW 30–70 kDa, 87–90% hydrolyzed),
both from Sigma Aldrich, Schnelldorf, Germany were used.
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ambient air within an oven (UNB 100, Memmert GmbH + Co.
KG, Schwabach, Germany) at various temperatures (100–200
°C) and duration (1–60 hours).
Swelling determination
A simple, single channel chip design was manufactured (W:
500 μm × D: 250 μm, 2 mm thick chip) and solvents were
pumped through the channels at a flow rate of 10 μL min−1.
Flow was maintained for the indicated time points or until
solvent-induced narrowing of the channel resulted in high
back-pressures that stalled the syringe pump. Alternatively,
(as indicated) for the four-day solvent exposure experiment,
the channels were filled with the solvent and the material
fully submerged for the duration of the exposure times.
Microscope images at high magnification were taken prior to
solvent exposure and at each time point. Channel widths
were determined using ImageJ. For statistics, unpaired t-test
was calculated in GraphPad Prism, assuming non-equal standard deviations.

Chip fabrication
Unless otherwise indicated, thiol-ene microfluidic chips were
fabricated from the monomers PETMP and TTT based on
previous descriptions in ref. 32. Channel geometries were
designed using Autodesk® Inventor® Professional (Autodesk
Inc., San Rafael, CA, USA) and InventorCAM (SolidCAM Inc.,
Newtown, PA, USA). PMMA plates were computer numerical
controlled (CNC) milled (MiniMill, Minitech Machinery,
Norcross, GA, USA), serving as the positive master mold.
Spacers and lids were laser cut using Epilog Laser Mini 18
(Golden, CO, USA). The master mold, spacer and lid were
combined and PDMS casted (10 : 1 ratio of base: curing
agent), then heated for 2 h at 80 °C. Stoichiometric PETMP
and TTT with or without 0.5% (w/w) TPO-L were subsequently
molded in the PDMS negatives and exposed to UV light. For
bulk material sans photoinitiator, both sides of the mold
were exposed to 12 seconds of 90 mW cm−2 intensity UV light
(at 365 nm), (Dymax 5000-EC Series UV curing flood lamp,
Dymax Corp., Torrington, CT, USA). When 0.5% TPO-L was
added, the non-bonding side of the mold was exposed to 1.8
seconds of 12 mW cm−2 intensity UV light (at 365 nm), (LS100-3C2 near UV light source, Bachur & Associates, Santa
Clara, CA, USA). After UV exposure, the chips were assembled
by manually aligning and pressing together the top and bottom pieces. Each side of the chip was cured for 5 minutes at
90 mW cm−2 intensity.
Heat exposure and H2O2 oxidation
Stoichiometric thiol-ene chips, with and without 0.5% TPO-L,
were exposed to H2O2 of various strength (0.1–10%) and duration (1–16 hours), then desiccated under a vacuum to remove
residual H2O2. The chip channels were filled with H2O2 and
the whole chip submerged at RT, away from light. Similarly,
for heat treatment, 10-minute UV cured, stoichiometric thiolene chips, with and without 0.5% TPO-L were heated under

X-ray photoelectron spectroscopy (XPS)
XPS is a surface sensitive technique that gives chemical information of the top 10 nm at the surface. The instrument was
a Kratos Axis UltraDLD equipped with a charge neutralizer.
The X-ray source was Al Kα (1486.6 eV, power at 150 W). No
noticeable beam damage was observed. The data were analyzed using the software CasaXPS and using the aliphatic C1s
line for calibration at 285 eV. The sulfur 2p line consists of a
doublet with separation of 1.18 eV which was fixed during
fitting. Accuracy of reported binding energies is ±0.1 eV.
Dynamic mechanical analysis
Thiol-ene slabs were prepared with the addition of 0.5%
(w/w) TPO-L with a thickness of 0.5 mm. Mechanical properties were measured on a Q800 dynamic mechanical analyzer
(TA Instruments, New Castle, USA) with an oscillation of 1
Hz, an amplitude of 15 μm and a heating rate of 3 °C min−1.
Glass transition values were determined by peak maximum
of tan delta signal.
Density measurements
Densities were measured based on a previous investigation of
thiol-enes.33 A known concentration of calcium nitrate was
prepared with a density higher than the thiol-ene substrates,
suspending the material. With subsequent addition of water,
and thus dilution of the calcium nitrate solution, the thiolene slabs transitioned from being suspended to sinking in
the solution. Based on the concentration of calcium nitrate,
its density was calculated using the equations previously
reported.34 The measurements were repeated with smaller
volume additions until densities were determined to 3 significant digits and then repeated three times.
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Microsphere production
Microspheres were produced as previously described in ref.
35. Briefly, the flow focusing microfluidic chip had an orifice
50 μm deep, 100 μm wide and 100 μm deep, and a postorifice opening 200 μm deep and 1 mm wide. The chip is 4
mm thick and connected to the syringe pump using the Linear 4-way Connector and 4-way Top Interface (both Dolomite
Microfluidics, Blacktrace Holdings Ltd., Royston, UK). Each
chip half was plasma treated with air for 1 hour at maximum
power using the Atto Plasma Laboratory Unit (Diener
electronic GmbH, Ebhausen, Germany). Clamping of the chip
halves was achieved using laser-cut 5 mm PMMA pieces
screwed together. The dispersed phase (DP) consisted of 5%
(w/v) PLA, dissolved in chloroform. The continuous phase
(CP) consisted of an aqueous solution of 1% (w/v) PVA. Flow
control was achieved by a neMESYS low-pressure syringe
pump (CETONI GmbH, Germany) at DP flow rate of 1 μL
min−1 and CP flow rate of 20 μL min−1. Droplets were collected for 10 minutes, spun at 2000 rcf and resuspended with
100× vol MilliQ to facilitate solvent evaporation to result in
dense microspheres. Microspheres were imaged on an Olympus IX71 inverted microscope. At least 200 diameters were
measured in ImageJ and plotted as a histogram in GraphPad
prism where coefficient of variation was calculated.
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A B S T R A C T

The preparation of small, monodispersed magnetic microparticles through microfluidic approaches has been consistently challenging due to the high energy input
needed for droplet break-oﬀ at such small diameters. In this work, we show the microfluidic production of 1–3 μm magnetic nanoparticle-loaded poly(D, L-lactide)
(PLA) microspheres. We describe the use of two approaches, using a conventional flow-focusing microfluidic geometry. The first approach is the separation of target
size satellite particles from the main droplets; the second approach is the direct production using high flow rate jetting regimes. The particles were produced using a
polymeric thiol-ene microfluidic chip platform, which aﬀords the straightforward production of multiple chip copies for single-time use, due to large feature sizes and
replica molding approaches. Through the encapsulation of magnetite/maghemite nanoparticles, and their characterization with scanning electron microscopy (SEM)
and vibrating sample magnetometry (VSM) measurements, we show that the resulting particles are monosized, highly spherical and exhibit superparamagnetic
properties. The particle size regime and their magnetic response show potential for in vivo intravenous applications of magnetic targeting with maximum magnetic
response, but without blocking an organ’s capillaries.

1. Introduction
There are many potential in vivo applications for magnetic nanoparticles (MNPs) including therapeutic applications such as drug delivery (with the drug being encapsulated or bound to the MNPs) and
magnetic hyperthermia (where the entire MNP heats up under the influence of an alternating magnetic field). Furthermore, diagnostic applications such as the imaging of receptor expression and cell types by
magnetic particle imaging, MRI contrast and biosensing for diseases
detection also benefit from MNPs [1]. For magnetic targeting under the
influence of an external magnetic field, the typically used 20–100 nm
sized particles are not ideal, as the magnetic force acting on a single
particle is too small to overcome the blood stream’s inertial and shear
forces. Therefore, accumulation in the target tissues (e.g., a tumor) or a
target organ (e.g., the pancreas) requires high magnetic fields and field
gradients [2]. The easiest solution to overcoming these challenges in
magnetic drug targeting is to increase the particle size, i.e., moving
from nanoparticles to microparticles.
For in vivo intravenous administration, the magnetic microspheres
(MMS) must be smaller than red blood cells, which have an average size
of 6.5 µm, and should be spherical, monodisperse and superparamagnetic. Any capillary blockage can thus be avoided, both with

⁎

and without an applied magnetic field, and allow for eﬃcient and
predictable magnetic targeting. An optimal targeting particle size might
be one based on nature, namely the size of thrombocytes (blood platelets), which have a maximum size of between 2 and 3 µm [3], and
typically circulate in the blood stream for 8–9 days [4]. This size regime
eﬀectively bypasses lung capillaries [5,6], while showing greater localization to the endothelium than the sub-micron counterparts [7].
Our lab favors the use of biodegradable monodisperse MMS, as they
combine the defined magnetic targetability, the capability of encapsulation and controlled release of drugs with low toxicity, FDA-approval, and biodegradability once the MMS have done their job. Up to
now, our lab made monodisperse MMS with a microfluidic glass chip at
sizes between 8 and 50 µm [8], and later with a co-flow method to yield
sizes up to 700 µm [9]. Smaller MMS had to be prepared by a solvent
evaporation/extraction batch method, which yielded very broad size
distributions between 1 and 2 µm [10].
The aim of the present study was to explore the production of small
monodisperse MMS, which could be used in the bloodstream, would not
clog the capillaries, and would be able to react to an external magnetic
force. To ensure monodispersity and the continuous production of
particles, microfluidic methods were utilized for the MMS production.
We decided on investigating both direct and indirect microfluidic
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2. Materials and methods
2.1. Chip fabrication

Fig. 1. Microfluidic chip and dimensions. A) Schematic illustration of flow focusing chip used for microsphere production. Chip dimensions include a 50 μm
overall channel depth, a 100 μm wide and long orifice, and a 200 μm deep and
1 mm wide outlet opening. DP: dispersed phase, CP: continuous phase. B) Image
of the thiol-ene chip within the chip holder. Chip dimensions are
22.5 × 15.0 × 4.0 mm.

methods to produce MMS sized in the low micrometer range (1–3 μm).
The direct method utilizes flow focusing, where an inner non-miscible
solvent stream breaks up into monosized droplets after passing through
an orifice, as shown in Fig. 1. The indirect method refers to the collection of satellite particles that arise commonly in the just described
microfluidic droplet generator in conjunction with the primary droplets.
Direct production of MMS of the size regime investigated here (∼2
μm) has been realized by bulk methods [10], electrospray [11], and
commercial flow focusing nozzles [12]. However, to our knowledge, a
simple microfluidic chip has not yet been employed. This is partly because microfluidic production of small droplets is extremely diﬃcult to
achieve owing to the high energy input needed for droplet breakup.
This generally requires small feature sizes as the production of droplets
smaller than one-tenth of the orifice is rare [13], making the microfluidic chip fabrication costly and labor intensive. Indirect production
of small MS through the collection of satellite droplets has been demonstrated [14–16], albeit for non-magnetic particles. Satellite particles are formed through the surface instabilities of the dispersed phase
[17–19], and are generally considered problematic as the primary
droplet polydispersity rapidly increases resulting in lower quality
sample yield. However, if the aim is to produce small droplets using
straightforward microfluidic techniques not requiring expensive fabrication approaches, then collection of satellite droplets may open an
avenue towards obtaining the desired sized population.
In this study, we demonstrate the production and separation of satellite particles, as well as the direct production of 1 μm unloaded and
2 μm magnetite nanoparticle loaded PLA microspheres. Both methods
were carried out using a simple-to-fabricate, polymeric microfluidic
chip utilizing thiol-ene chemistry [20]. The microfluidic chip incorporates a flow focusing geometry with large feature sizes obtainable
in most microfluidic laboratories without the use of a clean room. Our
results show that the obtained MMS are narrow in size distribution,
highly spherical, and superparamagnetic.

Thiol-ene chips were fabricated as described previously in [21].
Chips were designed using a combination of Autodesk® Inventor® Professional (Autodesk Inc., San Rafael, CA, USA) and InventorCAM (SolidCAM Inc., Newtown, PA, USA). Computer numerical controlled
(CNC) milling of the positive master mold (poly(methyl methacrylate)
(PMMA) plates, Nordisk Plast A/S, Randers, Denmark) was executed by
MiniMill (Minitech Machinery, Norcross, GA, USA), while the spacers
and lids were CO2 laser cut using an Epilog Laser Mini 18 (Golden, CO,
USA). Combining the master mold, spacer, and lid, polydimethylsiloxane (PDMS, Sylgard® 184, Dow Corning, USA) negatives
were molded and cured for 2 h at 80 °C, as recommended by the manufacturer. The following parameters for chip fabrication were obtained
in a pilot experiment. Monomers were mixed 50% allyl excess with 1%
Lucirin® TPO-L (BASF, Ludwigshafen, Germany) and molded within the
PDMS negatives, using the thiol monomer (pentaerythritol tetrakis(3mercaptopropionate) and tri-allyl monomer (1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (both from Sigma Aldrich, Schnelldorf,
Germany). Non-bonding sides of the molds were exposed to 1.6 s of UV
light, 12 mW/cm2 at 365 nm (LS-100-3C2 near UV light source, Bachur
& Associates, Santa Clara, CA, USA), the cured halves were removed
from the molds, and the chip was assembled by pressing together the
two halves. Upon fabrication, the chips were washed and coated with
an in-house synthesized, thiolated, hydroxyl-rich compound in order to
reduce the contact angle from 70° to < 15°. The solution was prepared
at 1.5% concentration with equal percentage of Irgacure 184 photoinitiator. Upon loading within the channels the chip was exposed to
12 mW/cm2 (365 nm) UV light for 90 s. The coating procedure was
repeated a total of 3 times. The final chip was cured for 10 min at
90 mW/cm2 at 365 nm (Dymax 5000-EC Series UV curing flood lamp,
Dymax Corp., Torrington, CT, USA).
2.2. Microsphere production
The dispersed phase (DP) consisted of poly(D, L-lactide) (PLA,
10–18 kDa, Resomer® R 202H, Sigma Aldrich, Schnelldorf, Germany)
dissolved in chloroform at 2.5–5% (w/v) concentration (or 5% PLA and
MNP’s at 0.5–1% (w/v) mix). The continuous phase (CP) consisted of an
aqueous solution of 1% (w/v) poly(vinyl alcohol) (PVA) (MW
30,000–70,000, 87–90% hydrolyzed, Sigma Alrich, Schnelldorf,
Germany), 0.45 μm PTFE filtered prior to use. All solutions were prepared fresh prior to flow focusing. The flow focusing chip had an orifice
of 50 μm deep, 100 μm wide and 100 μm long. The post-orifice opening
was 1 mm wide and 200 μm deep to reduce potential interaction between the PLA droplets and channel walls (Fig. 1A). For satellite particle production, the microspheres were produced at QDP of 2 μL/min
and QCP of 80 μL/min. For the continuous production of 1–3 μm microspheres, the flow rate was 1–2 μL/min for the DP while the CP was
run at 600–2000 μL/min as indicated in the figures or figurelegends.
Flow control was achieved by a neMESYS low-pressure syringe pump
(CETONI GmbH, Korbußen, Germany) and glass syringes to minimize
flow fluctuations often seen in traditional syringe pumps and plastic
syringes. The chip was connected to the syringe pump using the Interface H and 4 Linear Connector 4-way system (Dolomite, Roystone,
UK). After collection, the particles were spun at 2000 rcf (5 min, at 4 °C)
and resuspended in 100x volume of MilliQ water to facilitate solvent
extraction.
2.3. Viscosity of and interfacial tension between the DP and CP solutions
To characterize and explain the mechanism of droplet formation,
the dynamic viscosity of the DP (i.e., 5% PLA in chloroform) and the CP
(i.e., 1% PVA in water) at the tested flow rates, and their interfacial
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tension were measured. The dynamic viscosity was determined with an
AR G2 Rheometer (TA Instrument, West Sussex, England) equipped
with cone-plate measuring system (cone radius 40 mm, cone angle 1
degree) at 25 °C. All sample measurements were repeated 6 times. A
rotational test was used to determine the shear solution viscosity (η,
Pa·s) as a function of shear rate (γ, s−1) from 0.1 to 1000 s−1 for the DP,
and from 0.1 to 3000 s−1 for the CP. The viscosity values where taken
at specific shear rates for both the DP and CP, which correspond to the
shear rate (γ) values of the solutions in the opening chamber (the site of
droplet break-oﬀ) at specific flow rates, according to the following
equation:

=

4· Q
·r 3

(1)

comparable results to glass. Naturally, due to the harsh chemical environment of chlorinated solvents used here, the polymer chips are not
expected to last very long, but that is compensated for by the ease of
replicate production when needed. The replicates are autoclavable,
disposable, and eliminate the nuisances associated with clogging. Thiolene chips were used and were fabricated as we previously described
[21], using CNC milling of PMMA plates, PDMS negative molding, and
click-polymerization of thiol-ene monomers under UV light. The thiolene monomers were mixed in an oﬀ-stoichiometric ratio to gain allyl
surface functional groups that are click-modifiable with thiol-containing compounds, e.g., to vary the surface properties to gain glass-like
contact angles necessary for oil in water droplet formation [13]. To our
knowledge, thiol-ene microfluidic chips are seldom used for oil in water

where Q is the flow rate (mL/s) and r is the radius of the opening (cm).
The radius was estimated to match the cross-sectional area of the rectangular channels.
Interfacial tension was determined using the pendant drop method,
where 5% PLA in chloroform was suspended in a solution of 1% PVA.
Measurements were carried out on the KRUSS DSA100 drop shape
analyzer (KRUSS GmbH, Hamburg, Germany). The PLA solution was
slowly, drop-by-drop injected into a quartz container filled with PVA
using a 500 μL glass syringe and an 18 gauge flat tip needle. Droplet
shape and pinch-oﬀ was recorded on the camera and interfacial tension
determined using the DSA100 software. Measurements were repeated > 20 times in order to understand the reproducibility of the
measurements.
2.4. Fe3O4 nanoparticle synthesis
Magnetic iron oxide nanoparticles (MNP) were synthesized using
the co-precipitation of Fe(II) and Fe(III) and coated with C12-bisphosphonate as described previously by our group [9].
2.5. Imaging and size distribution
The samples were washed post-separation with 15 mL MilliQ water
through centrifugation (2000 rcf, 5 min, at 4 °C) and resuspension.
Light microscope images were taken on an Olympus IX71 inverted
microscope. High-resolution surface mapping was done on a FEI Quanta
3D FEG scanning electron microscope at 2.0 kV acceleration voltage.
Average diameters, standard deviation, and coeﬃcient of variation
were calculated by measuring at least 200 microspheres per sample
using ImageJ. Gaussian fit for obtaining the histogram of distribution,
and statistics were performed using GraphPad Prism.
2.6. Magnetization measurements
Vibrating sample magnetometry (VSM) measurements were carried
out at room temperature in a LakeShore 7407 VSM. Each sample was
prepared for measurements by (1) weighing a thin-walled 200 μL
plastic tube, (2) adding the sample suspension and letting the liquid
evaporate such that a sample pellet was formed at the bottom, (3)
weighing the tube with the sample pellet, and (4) fixing the sample
pellet using transparent nail polish. Measurements were performed
using a custom-built sample mount in which the tube with the sample
was mounted upside down. No corrections for background contributions were made. Results are reported as the specific magnetization
(magnetic moment per sample mass), s, measured in units of Am2/kg.
3. Results and discussion
3.1. Microfluidic material and design
For droplet generation, a polymeric microfluidic chip material was
chosen due to its low cost and ease of production, while maintaining

Fig. 2. Preparation, separation and characterization of satellite particles. A)
Optical microscope image of the main and satellite droplets formed with 2 μL/
min QDP and 80 μL/min QCP. Dispersed phase is 5% PLA in chloroform and
continuous phase is 1% PVA. B) Light microscope image of PLA particles before
(left) and after (right) centrifugation at 300 rcf for 5 min. C) Size distribution of
particles based on the SEM images. D) SEM image of starting material showing
the satellite particles. E) Size distribution of satellite particles based on the SEM
images F) SEM image of satellite particles.
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droplet production and have not been reported for the production of
chloroform droplets for polymeric particle production. Thus far, only
the production of ethylacetate [22] and toluene [23,24] droplets in
water have been shown with these chip materials.
The chip geometry consisted of a flow focusing design where the
dispersed phase (DP) flows perpendicularly to the continuous phase
(CP), resulting in droplet break-oﬀ. The geometry includes a 100 μm
wide and 50 μm deep orifice and a 1 mm wide and 200 μm deep outlet
opening to minimize surface interaction between the channel walls and
the PLA droplets (Fig. 1A). The final chip is optically transparent
(Fig. 1B) and allows for continuous production of droplets for a few
hours before severe swelling is induced by the chloroform exposure. As
shown in the supplementary video files, the optical transparency also
allows for observing the droplet formation directly on a microscope.
This is particularly helpful to find stable production conditions (which
generally take place within a couple of minutes).
3.2. Satellite particle approach
Droplet formation in a flow focusing system starts with the dispersed and continuous phase entering the junction/orifice and forming
an interface where the continuous phase deforms the dispersed phase,
creating an unstable thread that finally spontaneously breaks forming
droplets [25]. During the production of the main droplets, additional
breakup sequences of the thinned thread often results in the formation
of satellite droplets [18]. The satellite droplets are generally very small,
typically 1% in volume of the parent droplet [17], and thus present as
an opportunity for small particle synthesis by separation and collection
of the small satellites.
To achieve satellite formation, the flow rates and flow rate ratios in
the so-called dripping regime were optimized to QDP:QCP of 2:80 μL/
min (Fig. 2A, Supplementary Video 1). The video shows the formation
of the satellite droplets in conjunction with the main droplet, where a
small, single population is evident. The whole sample was collected,
spun at 300 rcf in a centrifuge for 5 min, and the supernatant was retained. Here, the large PLA particles pelleted and the small particles
remained in suspension; albeit, 40 ± 8% of the satellites were lost to
the pellet. The supernatant contained only the small particles, allowing
for rapid size-based separation of the sample Fig. 2B. Both the starting
material and collected supernatant were further characterized using
SEM. In Fig. 2C, the size distribution shows main particles of 15 μm
diameter and a range of sub-7.5 μm satellite particles. The distribution
was based on the SEM image shown in Fig. 2D, where both the main
and satellite particles are clearly visible. After size separation, the remaining satellite particles are highly polydisperse, with primary, secondary and tertiary populations being evident, Fig. 2E. By light microscopy, such as in Supplementary Video 1, the large fraction of submicron particles are not visible. The clear distribution of secondary and
tertiary satellites can only be observed using SEM, as seen in Fig. 2F.
Nonetheless, the small particles are highly spherical in spite of a large
range of diameters.
Our results of multiple satellite populations is consistent with previous studies [15,26]. Given the polydispersity, more focus needs to be
directed towards the separation of each satellite species through both inline and post-processing steps. Deterministic lateral displacement oﬀers
the finest resolution for size-based separation [14,26,27]; however, other
methods such as Dean flow [28–30] and pinched flow fractionation [16]
have also been employed. For the case of magnetic microspheres, active
sorting through magnetic fields may oﬀer a more eﬃcient avenue for
separation [31]. Furthermore, it is important to note that a single
monodisperse population of satellite droplets has been reported through
the modification of the flow focusing geometry, where droplet break-oﬀ
is focused to a single point [32]. Finally, it may be worthy to consider the
careful optimization of flow rates and ratios, as well as investigating the
influence of the viscosity ratio between the two phases [33], the interfacial tension [34] and interfacial elasticity [35].

3.3. Jetting mediated synthesis of microspheres
A second approach for small particle formation is by increasing the
continuous phase flow rate to the point where the feature sizes of the
microfluidic chip (more specifically, around the orifice) no longer play
a critical role in the resulting droplet size. Here, we investigated the
upper flow rate and flow rate ratio limits of our microfluidic set-up in
order to minimize the droplet size. The CP flow rate was systematically
increased until the backpressure prevented any further increase and led
to, e.g., mechanical issues with the syringe pump. Example flow profiles
are shown in Fig. 3 and Supplementary Video 2, where a long, thin
thread of the dispersed phase is visible, at the end of which jetting of
the droplets occurs. The point of droplet break-oﬀ is dependent upon
the CP flow rate and the flow rate ratio of the two phases. A significant
increase in the outer phase flow rate, as tested here, changes the droplet
formation regime, which can be characterized by the dimensionless
capillary number (Ca), relating the influence of viscous vs. interfacial
forces. The capillary number is often used in droplet microfluidics as a
defining parameter for the regime of droplet formation. It is defined
where η is the dynamic viscosity (Pa·s), U is the flow rate (m/s), and σ is
the interfacial tension in (N/m). The Ca was calculated for both phases
at the flow velocities corresponding to flow rates of 2 and 1800 μL/min
in a 200 μm × 1000 μm opening by using our measured values of
ηDP = 2 × 10−1 Pa·s for the DP, ηCP = 6.3 × 10−3 Pa·s for the CP and
σ = 3 mN/m for the interfacial tension between the two phases.
The system can be defined by a Ca number of 1 × 10−2 for the DP
and 0.11–0.33 for the CP. Comparing to a capillary number-based flow
map shown in [36], the capillary numbers correspond to a regime that
falls between jetting and threading. In this article, the authors define
the threading regime as providing a stable thread with a length of 20h,
with h being a characteristic length scale, namely the height of the
square microfluidic channel in their experiments. In the jetting regime,
on the other hand, droplets break oﬀ within the length of 20h. In our
system, the length of the stable thread before droplet break-oﬀ was
observed to be 10–20h depending on the CaCP or the flow rate of the CP.
Here, h is defined as the hydraulic diameter, which is calculated from
the side lengths of the rectangular channel cross section according to
2ab/(a + b), yielding a value of 333 μm. In this regime, droplet size is
proportional to the diameter of the thread, where the end of the thread
breaks oﬀ due to the amplifying Rayleigh-Plateau instability [25]. This
means that the droplet diameter no longer relies on the microfluidic
chip feature sizes but instead the flow rates, making the fabrication
requirements much less stringent.
3.4. Empty PLA microsphere production
Initially, empty PLA particles were produced using the narrow jet
regime. Stable jetting was observed from QDP:QCP of 2:600 μL/min up

Fig. 3. High flow rate production of PLA droplets. Light microscope image of
droplet formation at various flow rates and flow rate ratios (as indicated).
Arrow shows approximate droplet break-oﬀ point.
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to QDP:QCP of 2:1800 μL/min. For all flow rates investigated in this
regime, the final PLA particle diameters remained under 2 μm with a
narrow size distribution, having a coeﬃcient of variation between 5
and 8%. At these flow rates, 150 mg of PLA microspheres are produced
per day using a single chip; however, parallel production is a possibility
for production upscaling. Size distribution and SEM images of the PLA
particles produced at QDP:QCP of 2:1800 μL/min are shown in Fig. 4. For
2.5% PLA in chloroform, the average size is 1.16 μm with a coeﬃcient
of variation of 5.74%, as shown in Fig. 4A. The particles are highly
uniform and spherical as seen in the SEM images (Fig. 4B and C). Increasing the PLA concentration to 5% resulted in slightly larger particles at 1.36 μm average in diameter, with a slightly better CV of 5.46%
(Fig. 4D). Similarly, the SEM images show highly spherical and uniform
particles (Fig. 4E and F).
3.5. Magnetic microsphere production
We previously showed the preparation of MNPs with a mixed
magnetite/maghemite core and C12-bisphosphonate coating having an
average diameter of 12 ± 3.6 nm [9]. Approximately 0.5% or 1% (w/
v) of homogeneously dispersed MNPs were added to the DP with 5%
PLA in chloroform. Due to a diﬀerent DP composition, the viscosity and
interfacial tension changed which required the reoptimization of the
flow rates for small MMS synthesis. In general, higher Reynolds numbers, but a smaller diﬀerence between the DP and CP flow rate ratios
are required for eﬀective MMS production. The final flow rates used
were QDP:QCP of 2:1000 μL/min.
SEM shows a narrow size distribution for MMS with 0.5% or 1% (w/
v) MNPs, albeit larger than the empty PLA microspheres. The larger size
may be due to a combination of the modified flow rate condition as well
as the eﬀect of the MNP encapsulation. The 0.5% particles have a mean
size of 2.08 ± 0.14 μm and a CV of 6.54% (Fig. 5A) with a smooth
surface and spherical shape (Fig. 5B and C). The 1% particles are
slightly larger at 2.31 ± 0.18 μm with a CV of 7.61% (Fig. 5D) and
exhibit a more irregular and rougher surface (Fig. 5E and F). Such effects have been seen especially at higher concentrations, where dimples
and sometimes even holes form, which are explained by jammed MNPs
on the surface of the MMS. For a discussion of this eﬀect, see [37].
Fig. 6A and B shows the assembly behavior of the particles in response to a magnet. Magnetization measurements were obtained for the
starting MNPs (black) and the final MMS (blue and red), as shown in
Fig. 6C. The magnetization curves confirm that the starting MNPs display non-negligible hysteresis, whereas the encapsulated MNPs show no
detectable hysteresis. The hysteresis in the NP starting material is likely
due to magnetic interactions between the particles in the dense sample.
The lack of hysteresis in the MMS indicates that they are superparamagnetic at room temperature on a time scale of seconds. The
specific magnetization of the 1% (w/v) sample is about 30% that of the
starting NPs, while for the 0.5% (w/v) it is roughly 15%, showing good
control over the magnetic loading into the PLA particles.
We demonstrated here that the production of 1–3 µm MMS is possible with microfluidic methods, at very narrow size distributions and
without any hysteresis. To make these MMS appropriate for magnetic
drug targeting, ideally higher MNP concentrations need to be incorporated. For large MMS, above 5 µm, we were in previous work able
to incorporate up to about 50–60 wt% of magnetite [9,37]. Future work
will optimize the MNP concentration, as well as maximize the magnetite to maghemite content in the MNPs, such as through the reduction of
the coating thickness. The coating thickness of the MNPs with C12-bisphosphonate is already thinner and more stable than a C18 oleic acid
coating used by other authors [38]. We have previously attempted to
further minimize its thickness to C8, but the MNP behavior was not
favorable, e.g. exhibiting unfavorable physiochemical properties, such
as poor solubility in chloroform (results not shown).

4. Conclusion
In this work, we present two simple microfluidic methods for the
production of 1–3 μm superparamagnetic particles. Both methods rely
on easy-to-fabricate and cost-eﬀective polymeric microfluidic chips
with large feature sizes. Both of the methods presented here produce
microspheres up to 6 mg/h. To increase throughput of microfluidic
droplet generators, numerous studies have reported eﬀective parallelization of the flow focusing junction on a single microfluidic chip, up to
512 identical junctions [39–41], resulting in mL/hour dispersed phase
flow rates. Application of such parallelization, even if only 10-fold,
could then result in more than 1 g microspheres per day, making it
attractive for preclinical studies.
The microfluidic chip material, a thiol-ene polymer, oﬀers the advantages of rapid production through replica molding and swift UV
curing. Furthermore, the surface is click-modifiable, relatively heat
resistant (allowing for sterilization), and disposable (for medical applications or in the event of clogging). Here, we demonstrate the utility
of a material that is not normally compatible with chlorinated solvents
being used for several hours of oil-in-water emulsion production. Thiolene chips have not been used before under such conditions for the
production of polymeric particles. This opens an avenue for the rapid
prototyping of channel geometries not easily achievable with glass due
to time, eﬀort and costs.
Initially, we show the production of small polymeric particles
through the collection and separation of satellite particles. Even though
our method yielded a broad range of satellite populations, starting from
sub-micron to 2 μm in size, further strategies to minimize the number of
satellites need to be investigated. Such include the modification of the
outlet channel shape (Fig. 1A) from semi-circular to triangular, creating
maximal velocity at a single point near the orifice resulting in more
precise droplet generation [32]. Additionally, increasing the DP viscosity (through a higher concentration or molecular weight) should
further aid in satellite population reduction [33]. Naturally, microfluidic size-based or magnetic separation is an alternative to achieving a
single population of satellites [14,16,31]. All of these options are beyond the scope of this study, but utilizing the power of rapid prototyping through thiol-ene chips greatly facilitates the investigations of
the channel geometries for both the production and separation of satellite particles.
Finally, we show the direct production of 1–3 μm polymeric particles without the need for particle separations. Importantly, this method
allows for obtaining larger quantities of small microspheres, as opposed
to the collection of satellites that only make up roughly 1% in volume of
the sample [17]. Moreover, circumventing the use of satellites eliminates heavy losses of the starting material.
Using the direct production approach, we showed that the empty
PLA particles are 1 μm in size, monodisperse, smooth and spherical. The
MMS are 2 μm in size, similarly monodisperse, spherical and loaded
with up to 30% MNPs, resulting in superparamagnetic properties. Here,
the CP flow rate was increased to maximum velocities in order to form a
long, thin thread, at the end of which jetting of the droplets occurs. In
this droplet generation regime, the droplet size is proportional to the
diameter of the thread, instead of the actual channel sizes. This results
in extremely small droplet formation in a microfluidic chip with large
feature sizes, circumventing the need for advanced clean room fabrication. While the particle size is mostly independent of the channel
geometry in this regime, additional design changes may reveal further
ways to reduce the particle diameters, such as, e.g., through the elongation of the orifice [42].
Overall, this work has exemplified the utility of polymeric chips for
MMS production in harsh chemical environments. To the best of our
knowledge, this is the first report to show production of MMS in this
size regime and with well-defined distributions using a simple microfluidic set-up, thus clearly oﬀering an alternative to more traditional
fabrication approaches.
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Fig. 4. Size distribution and surface mapping of empty PLA particles. A) Size distribution and statistics of MS made with 2.5% PLA in chloroform and shown in B)
15,000× magnification (SEM) and C) 50,000× magnification (SEM). D) Size distribution and statistics of MS made with 5% PLA in chloroform and shown in E)
15,000x magnification (SEM) and F) 50,000× magnification (SEM). Both samples produced at QDP:QCP of 2:1800 μL/min, diameters measured of > 200 particles for
the histograms.

Fig. 5. Size distribution and surface mapping of MNP-loaded PLA particles. A) Size distribution and statistics of MMS made with 0.5% (w/v) magnetite and 5% PLA
in chloroform and shown in B) at 15,000x magnification (SEM) and C) at 50,000x magnification. D) Size distribution and statistics of MMS made with 1% (w/v)
magnetite and 5% PLA in chloroform and shown in E) at 15,000× magnification (SEM) and F) at 50,000x magnification. Both samples produced at QDP:QCP of
2:1000 μL/min, diameters of > 200 particles measured for the histograms.
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Fig. 6. Magnetic response and hysteresis curve. A) 0.5% or B) 1% (w/v)
magnetite particles responding to a magnet imaged through light microscopy.
C) Magnetization curve of starting MNPs (black), 0.5% MNP loaded MMS
(blue), and 1% MNP loaded MMS (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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ABSTRACT: While there is a steady growth in the number of
microﬂuidics applications, the search for an optimal material that
delivers the diverse characteristics needed for the numerous tasks is
still nowhere close to being settled. Often overlooked and still
underrepresented, the thiol−ene family of polymer materials has an
enormous potential for applications in organs-on-a-chip, droplet
productions, microanalytics, and point of care testing. In this review,
the main characteristics of the thiol−ene materials are given, and
advantages and drawbacks with respect to their potential in
microﬂuidic chip fabrication are critically assessed. Select applications, which exploit the versatility of the thiol−ene polymers, are
presented and discussed. It is concluded that, in particular, the rapid
prototyping possibility combined with the material’s resulting
mechanical strength, solvent resistance, and biocompatibility, as well as the inherently easy surface functionalization, are strong
factors to make thiol−ene polymers strong contenders for promising future materials for many biological, clinical, and technical labon-a-chip applications.
KEYWORDS: thiol−ene chemistry, click chemistry, microﬂuidic chip materials, polymers, lab-on-a-chip

■

INTRODUCTION
Choosing the right substrate material for the fabrication of a
microﬂuidic device is a challenge as old as the ﬁeld itself.
Chemists have used glassware for hundreds of years as it
fulﬁlled (and still does) all of the main requirements for the
typical applications a chemist is faced with: optically clear for
visual inspection, resistant to most commonly used chemicals,
can be heated to several hundred degrees Celsius, and can be
shaped in many diﬀerent forms during manufacture. Similarly,
cell biologists have adopted polystyrene as the de facto standard
for their culture ﬂasks, test tubes, and containers, because this
material can be mass-produced and discarded after one use and
is biocompatible, thus allowing for cells to be cultured directly
on its native or slightly treated surface.
Ideally, the choice of material (and, in extension, the
fabrication approach) for a microﬂuidic device should be
determined by the needs of the application. In reality, however,
fabrication options and materials choices for processing and
structuring are limited in most research laboratories, dictating
the applications that can be tackled. Alternatively, cumbersome
(and often questionable) workarounds are implemented to
somehow ﬁt the available toolbox to the needs and
requirements of the application.
The kind of equipment necessary to micromachine glass (or
silicon) substrates is typically not readily available to many
© 2020 American Chemical Society

researchers who are interested in working with microﬂuidics
devices or is quite expensive. When several groups introduced
PDMS as a material for microﬂuidic chips in the mid to late
1990s1−3 and Xia and Whitesides championed the use of “soft
lithography” to fabricate channel networks in PDMS chips by a
replica molding (or casting) process,4,5 the ﬁeld was opened up
for basically anyone who always wanted to get started with
microﬂuidic devices but lacked the access to sophisticated
fabrication facilities or the funds to use them. Now, with
inexpensive materials such as PDMS and the fairly
straightforward way to produce chips from PDMS, the main
costs are relegated to fabricating the master molds, which still
(most often) need to be prepared using more advanced
micromachining techniques. But, once this master mold is
available, inexpensive copies can be cast or replica molded in
PDMS. The introduction of PDMS to the lab-on-a-chip ﬁeld
thus led to a tangible surge in research groups developing
microﬂuidic solutions, and in the ensuing “gold rush”,
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being modiﬁed. As will become clear throughout this review
article, TE polymers are highly versatile materials, which are
able to fulﬁll basically the entire list of desired properties for an
ideal material mentioned above. At the same time, new
developments (i.e., going from binary mixtures to ternary
mixtures, which can include an epoxy monomer)23,24 and a
continued improved understanding of the physicochemical
properties of these materials make them strong contenders for
the ideal material for lab-on-a-chip and thus, in the long run, a
serious option to replace materials such as glass, PDMS,
polystyrene, and other polymers.
This review focuses on TE-based polymers used for the
fabrication of microﬂuidic devices and highlights selected
applications, where many characteristics of these materials are
exploited favorably. The review does, however, not cover TE
hydrogels or microﬂuidically produced TE materials, such as
particles and ﬁlaments. While highly interesting and further
emphasizing the large potential and versatility of this class of
materials, it is beyond the scope of this review. It is instead our
intention to provide an overview over the main characteristics
of the TE materials and give a critical assessment of the
advantages of these materials and their still remaining
shortcomings, particularly with regard to their use for making
microﬂuidic devices. With this, we hope to both continue to
raise awareness for this material among the lab-on-a-chip
community, provide pointers to researchers interested in
picking up TEs for their fabrication needs and searching for
replacements of the so far used materials, and show areas
where still more input from material scientists, physical
chemists, and engineers is needed to improve and tune the
characteristics of the TEs further. To the best of our
knowledge, this is the ﬁrst review to discuss the TE polymers
with respect to their potential in microﬂuidic chip fabrication
and applications in the lab-on-a-chip ﬁeld. Interestingly, earlier
reviews discussing material options for microﬂuidic applications from 201325,26 do not even mention TE materials as
serious contenders yet. However, the time is right to
reconsider the true potential of this class of polymers, and
the current review attempts to provide interested researchers
with the necessary background and references to make an
assessment of their own.

shortcomings of this material were either ignored, dismissed, or
somehow circumvented.
PDMS is extensively used for various applications, even
though serious drawbacks are known.6 This can only be
attributed to the overall convenience of working with this
material. Still, as the drawbacks of PDMS became harder to
ignore, the quest for an “ideal” material for microﬂuidic devices
picked up again and has done so steadily over the recent years.
A list of desired properties for such a material encompasses,
among others, being inexpensive, being easy to machine (e.g.,
by replica molding), allowing for fast prototyping, having at
least some potential for mass production, presenting surfaces
that can be easily chemically modiﬁed or functionalized,
facilitating easy bonding, being transparent to at least the
visible spectrum and with little or no autoﬂuorescence, and
being biocompatible (e.g., no leaching of monomers). A range
of other polymers have been explored over the years, mainly
poly(methyl methacrylate) (PMMA), polycarbonate (PC),
and cyclic oleﬁn (co)polymers (COC/COP), but they all fell
short in at least one of the above-mentioned criteria, and
researchers had to accept compromises again. In most cases,
this can be related to the fact that these materials have not
been “designed” with microﬂuidics in mind.
In their continued search for a “better” material, researchers
had then begun to take note of the thiol−ene (TE)
polymersa family of polymers consisting of two monomers,
each with at least two thiol or allyl (or ene) groups.7,8
Polymerization with or without photoinitiator at the
appropriate wavelengths yields a highly cross-linked thermoset
polymer based on a radical induced polymerization mechanism
involving a fast click chemistry reaction with close to 100%
monomer conversion.9 Fabrication of microﬂuidic devices
from such materials is typically done by replica molding or
double replica molding and allows very fast prototyping
(especially when the molds are fabricated without invoking
photolithographic methods) but can also be performed via
direct photolithographic patterning (very similar to the
photoresist SU-8, often used in microelectromechanical
systems).10 The TE type reactions have been known and
studied for a number of years in various ﬁelds, such as for
organic synthesis, surface modiﬁcations, optical components,
and even drug delivery purposes.11 Early examples go back to
2007,12−14 where such materials were used, mostly in the form
of the commercially available UV curing glue Norland Optical
Adhesive (i.e., NOA-81), for the fabrication of microﬂuidics,
already showcasing some of the advantages over other
polymers, such as an improved tolerance to some organic
solvents. The next push came around 2011, both using NOA81,15 but also more and more custom-made formulations,16
and especially with the introduction of the so-called oﬀstoichiometric TEs (OSTE) by Carlborg et al., where the
monomers are used in nonstoichiometric ratios.17
One interesting advantage of using nonstoichiometric ratios
is that an excess of either thiol or allyl moieties remains
available on the channel surfaces after fabrication and bonding.
As both these functional groups lend themselves to click
chemistry reactions, the OSTE materials oﬀer straightforward
possibilities to functionalize and alter the channel surfaces, e.g.,
either to change surface properties (charge, contact angle),15
or to add molecules for biosensing,18 enzymatic turnover,19,20
or chromatographic retention,21 to name just a few examples.
This can also be done through photomasks,22 thus achieving a
high spatial control over which parts of the channel or chip are

■

THIOL−ENE POLYMERS: BASICS, COMPOSITION,
AND FABRICATION
The TE mechanism is a highly attractive reaction due to its
simplicity of execution, mild reaction conditions, absence of
oﬀensive side products, orthogonality with other reactions and
high yields (achieving nearly full polymerization). Hence, it is
routinely classiﬁed as part of the click reaction concept. The
concept of click chemistry was introduced by Sharpless in 2001
to deﬁne a set of simple, regioselective, robust, and high
yielding reactions for synthetic chemistry.27 Since then, the TE
reaction, which has been known for a long time, has been
experiencing a renaissance.28 Besides the application in
monomer synthesis and preparation of macromolecules, the
TE reaction constitutes an eﬃcient tool for surface
modiﬁcations and in developing new materials. Since the
latter two aspects of TE chemistry are highly relevant for
microﬂuidic devices, the basics of the reaction, the material
compositions, and the fabrication possibilities will be
summarized in this chapter.
Thiol−Ene Click Reaction. The TE coupling is a reaction
between a thiol and a nonactivated carbon−carbon double
10081
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alkenes are consumed and hence, ideally, no homopolymerization occurs (i.e., no ene-to-ene coupling).
In radical-mediated conversion, the thiols react with the
double bonds following the usual mode (anti-Markovnikov
mechanism).9 This radical TE reaction is a step-growth
polymerization process, which slowly builds up the crosslinked network, has a late gelation point, and results in a stressfree polymer. In contrast, thiols also react with electron poor
alkenes via an anionic chain growth mechanism (nucleophilic
addition), also known as thiol-Michael addition. This reaction
is commonly initiated using base or nucleophile-based
catalyst.29 Both reaction mechanisms are very similar, but
instead of radicals, anionic species are formed in the thiolMichael reaction. Both reactions show a reduced sensitivity to
oxygen inhibition, which practically implies that the
fabrication/modiﬁcations can be carried out under atmospheric conditions in contrast to, e.g., methacrylate systems.11,30
In this review, we mainly focus on, but are not strictly limited
to, the free-radical TE reaction since it has been the most
frequently employed polymerization method used for microdevice manufacturing.
A variety of diﬀerent monomers with ene- and thiol-moieties
are commercially available or can be synthesized (compare ref
9), but only a few of them are suitable for bulk polymerization.
The main factors, which need to be considered when choosing
monomers, are number of functional groups (higher branching
increases cross-linking density), electron-deﬁciency of the enegroups (the reactivity increases with increased electron density;
with some exceptions9), molecular weight (with increasing
molecular weight oxygen diﬀusion into the bulk material is
decreased and hence inhibition of the polymerization by
oxygen is decreased), and the three-dimensional structure of
the monomer (for multifunctional monomers this is highly
important to prevent steric hindrance). The combination of
the four-functional thiol PETMP with the three-functional ene
TATATO is most frequently used (see Figure 1C). This
combination can be economically sourced, results in handleable/practical viscosity, and was shown to give a high
polymerization degree as well as low polymerization shrinkage
and stress.16,17
Apart from the chemical nature and structure of the
monomers, the type of cross-linking initiation also determines
the ﬁnal material properties. The initiation of the TE reaction
starts by the abstraction of the hydrogen from the thiol group.

bond (alkene) forming a thioether (Figure 1A). The reaction is
initiated by the cleavage of the sulfur−hydrogen bond forming

Figure 1. Thiol−ene click reaction and chemical structures. (A)
Idealized reaction scheme of thiol−ene coupling. (B) Thiol−ene
coupling showing the initiation, chain transfer, and propagation.
Termination is not shown. In the case of catalyzed thiol−Michael
addition the free electron on the radical is replaced by a negative
charge. * indicates means of initiation using in-/direct photon
deprotonation, thermal, redox, or enzymatic reaction (compare Figure
2). (C) Most commonly employed monomers for the synthesis of
thiol−ene polymers in microﬂuidic applications. The trifunctional ene
monomer has a rigid aromatic center (triazine) while the tetrafunctional thiol monomer has a ﬂexible sugar center (pentaerythritol).

a thiyl radical, which can basically react with any nonsterically
hindered “ene”. The thiyl radical propagates via the alkene,
forming the thioether, and generating an intermediate carbon
centered radical, which then again abstracts the hydrogen from
another thiol, at which point the cycle repeats (Figure 1B).
During the polymerization cycle the same amount of thiols as

Figure 2. Cross-linking methods used for thiol−ene based microdevices. (A) UV-C light with a suﬃciently high dose can directly deprotonate the
thiol group and thus initiate the cross-linking reaction. (B) Typical photoinitiators (PI) absorb photons at a wavelength of 365 nm. After
absorption, they get cleaved and a radical is generated (optionally several radicals), which then initiates the curing reaction. (C) Similarly, thermal
initiators get cleaved at elevated temperatures; they produce a radical and kick-start the step-growth reaction. In case high temperatures cannot be
tolerated, redox radical initiation systems can be applied. Enzymatic radical initiating systems have not been employed for microﬂuidic device
fabrication (yet) but are nevertheless mentioned for the sake of completeness.
10082

- 106 -

https://dx.doi.org/10.1021/acsami.9b22050
ACS Appl. Mater. Interfaces 2020, 12, 10080−10095

ACS Applied Materials & Interfaces

www.acsami.org

Review

Figure 3. Concept of stoichiometric, oﬀ-stoichiometric, and ternary systems. Schematic illustration of (A) stoichiometric, (B) oﬀ-stoichiometric,
and (C) ternary monomer systems prior to and after polymerization. The top row shows a mixture of monomers before polymerization while the
bottom sketches represent the highly simpliﬁed ﬁnal polymer structure.

the cross-linking degree was determined by the oﬀ-stoichiometric ratio without the addition of monofunctional
compounds.17 The authors named the resulting polymer “oﬀstoichiometric thiol−ene (OSTE)”, and showed that the excess
of functional groups remains unreacted in the network after
photopolymerization and that the percentage of excess
monomers directly determines the mechanical properties of
the material (Youngs modulus from 250 to 1740 MPa and Tg
from 35 to 68 °C). Furthermore, it was shown that oﬀstoichiometric formulations provided unreacted thiol or ene
groups on the surface, which can then be used for bonding or
surface functionalization (Figure 3B). This feature alone sets
these materials distinctly apart from most of the other polymer
materials used for microﬂuidic devices. In a recent publication,
Bowman’s group showed how OSTE compositions in
combination with thioester-moieties created a material,
whose state of matter could be actively switched from solid
to liquid using photoirradiation.58
Another approach for tailoring the polymer properties is to
incorporate a third monomer to the precursor mixture (Figure
3C). These so-called ternary materials can be polymerized in
one curing step, where the cross-linking reaction for all three
monomers is initiated at the same time, or in a dual-cure
procedure, where the two reactions are initiated separately.
One-step curing has been used to fabricate very homogeneous
networks using thiol-allyl ether-methacrylate systems,59 or to
achieve a high thermal stability (using a thiol−ene−ene ternary
mixture).60 Early studies were mostly focused on improving
(meth)acrylate systems to tailor material properties (reduced
shrinkage, mechanically uniform network, reduced oxygen
inhibition) by incorporating thiol monomers.23,61,62 Furthermore, the addition of epoxy monomers added another
functional dimension to ternary TE polymers as the base
catalyzed thiol-epoxy “click” reaction is a well-deﬁned fusion
process enabling simple postpolymerization modiﬁcations. As
an example, Carioscia et al. incorporated bifunctional epoxy
monomers to a TE mixture to improve the mechanical
properties.24 In this dual-cure system, the TE reaction was
photoinitiated while the thiol-epoxy reaction was thermally
initiated using an anionic catalyst (tris(dimethylaminomethyl)phenol). The eﬀects of monomer composition and curing
order (ﬁrst thiol−ene, then thiol−epoxy or vice versa) on
polymerization kinetics and the mechanical properties have
been studied by the authors. The highest conversion rate of
functional groups was observed for the sequence where the

This abstraction can be achieved via three general methods,
which are summarized in Figure 2 together with the advantages
and disadvantages in the context of microﬂuidic device
fabrication. Cross-linking can be initiated either directly by
UV-C light (wavelength at 254 nm),31,32 indirectly by lightgenerated nucleophile radicals obtained from the cleavage of
initiators,33 or using thermal/redox/enzymatic radical initiating
systems.33−35
Besides the option of carefully choosing monomers and
combining them with appropriate initiators by the user,
commercial products are available.36,37
Oﬀ-Stoichiometric Mixtures and Ternary Systems.
Generally, when it comes to the preparation of a bulk
polymeric network it is desirable to achieve the highest
possible conversion of the functional groups to gain a fully
polymerized material. Hence, in the case of TEs, the amounts
of thiol- and ene-groups in the monomer mixture should
ideally be balanced (stoichiometric), e.g., 4 mol TATATO to 3
mol PETMP (Figure 3A). However, if the amount of one type
of functional groups is in excess, resulting in an oﬀstoichiometric mixture, the material properties will change
(Figure 3B). Since during the radical TE reaction the same
amounts of thiols and enes are consumed, any excess amount
of a functional group is now present both in the bulk material
as well as on the surface. In other words, the functional groups
are not fully consumed and consequently the fewer cross-links
in the network directly inﬂuence the stiﬀness and the glass
transition temperature. By simply varying the monomer ratio
the latter two parameters can be tuned which results in a glassy
or rubbery polymer. Such oﬀ-stoichiometric compositions
were, for example, used to tailor the polymerization and
degradation behavior of hydrogels for biological applications.55
In another publication, the thiol-to-acrylate ratio was altered
for the purpose of surface modiﬁcations.56 A similar approach
was also used to nanostructure and surface modify TE
substrates, and a detailed investigation of the photolithographical structuring of oﬀ-stoichiometric TE and thiol−
acrylate systems was performed.16,57
Bowman’s group added monothiols to a TE material to
tailor the cross-linking density by terminating the radical
reaction via the monofunctional compound.12 With that
approach, the authors showed that they could fabricate
elastomeric membranes for pneumatically activated micropumps with a Young’s modulus between 1 and 10.5 MPa.12 In
2011, Carlborg et al. published a simpliﬁed approach, where
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TEs were polymerized ﬁrst and then the thiol−epoxy groups.
However, the photopolymerization reaction also kick-started
the second heat-initiated polymerization, and hence the timing
of the two reactions could not be controlled separately.
Several groups have studied the thiol−ene/thiol−epoxy
systems in more detail since they were introduced in
2007.63−70 A major challenge during this development was
to temporally separate the two curing stages, since normally
the ﬁrst exothermic TE reaction would kick-start the thermally
initiated second thiol-epoxy reaction. This problem was
resolved in van de Wijngaart’s group using a new thiol−
ene−epoxy system. They developed a three-component system
called “OSTE+”, where the “+”- symbol stands for the epoxyfunctionalized monomer(s) (Figure 3C). This OSTE+
formulation enabled in particular to bond to untreated Siwafers by simply spin-coating the polymer mixture onto the
wafer, pressing wafers together, followed by thermal curing for
1 h at 90 °C.49 Another advantage of the OSTE+ dual cure
polymer is its applicability to the injection molding fabrication
technique, which is the method of choice in industrial scale
production.44 In contrast to the “ﬁrst-UV-then-thermal” curing
process just discussed, another dual cure formulation was
developed, where both the TE and the subsequent thiol-epoxy
reactions were initiated by UV light, albeit at diﬀerent
wavelengths, and a successful delay of the second reaction
was shown for up to 24 h.66 Recently, the same researchers
published a polymer system, where, after the ﬁrst thiol-epoxy
cure, the polymer could be stored for 2 months, and then the
second TE reaction could be initiated to, in particular, facilitate
bonding.50 Although the employed chemistry was not fully
disclosed, the authors showedusing FT-IR measurements
that after the ﬁrst thermally initiated cure the epoxy peak
completely disappeared, while the thiol peak decreased and the
allyl peak stayed constant.
Fabrication of Microﬂuidic Devices. For a microﬂuidic
device material to become widely accepted and utilized in
research, it should fulﬁll certain criteria; that is, preparing
structures should be simple and rapid, robust and straightforward bonding/assembly strategies should be available,
handling the material should not be overly complicated, and
simple surface modiﬁcation protocols should exist. These
crucial aspects to successfully manufacture usable devices (see
also Table 1) will be discussed in the following section.
Manufacturing of microscale features using the liquid TE
prepolymer can be accomplished through well-established
methods of photolithography, replica molding, and reaction
injection molding. For the photolithographical patterning, the
thickness of the TE can be deﬁned either by spin-coating, to
achieve a thin polymer layer or by using spacers whereby the
polymer is pressed between the substrate and the mask. A
disadvantage of the spin-coating approach is that the TE,
compared to other negative photoresists (e.g., SU-8), cannot
be hardened prior to polymerization (this is often referred to
as the soft-bake step when working with SU-8), and hence the
mask must be aligned without any physical contact to the resin
(proximity mode). This gives rise to diﬀraction when
transferring the pattern and therefore limits the photolithographic resolution. However, this can be circumvented, when
thicker layers (>100 μm) are desirable, by using spacers. In
that case, a photomask is placed in direct contact with the
prepolymer and a spacer in-between the (polymer) mask and
the substrate deﬁnes the layer thickness.12,16,38−41,51 Using the
latter method, the best feature quality and an aspect ratio of up
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Table 1. Overview of Fabrication Methods Used in TE
Device Manufacturing
Fabrication
techniques

Methods

Patterning

Photolithography
Casting (Replica molding)
Injection molding
Bonding
Covalent bonding
Adhesive bonding
Surface modiﬁcation Photolithographic grafting
Coatings
Bulk modiﬁcation
Back-end processing Drilling, milling, dicing
Cutting (scalpel, scissors, CO2lasera)
Polishing/grinding
Metallization
a

References
12, 16, 38−42
14, 17, 43
44−47
43, 48, 49
46, 47, 50
17, 51−53
53, 54
53, 54
44
b
b
b

b

Attention: Hazardous gases may form. These processes are often
not described in more detail in the literature but have been employed
during fabrication.

to 13 can be obtained using a minimal concentration of the
photoinitiator and an initiator to inhibitor ratio of 1:1.16
Interestingly, oﬀ-stoichiometric formulations improve the
quality of photostructured features; the underlying reasons
are elaborated in ref 42. Using photolithography, TE can thus
be used to fabricate high aspect ratio microstructures on a
master mold (as a cheaper alternative to SU-8) for, e.g., PDMS
replica molding.41,73,74
Replica molding with TE materials has to be performed in a
mold, which is UV-transparent (at least from one side) to
enable photocuring. Traditionally, molds have been fabricated
using PDMS, but molds from aluminum and SU-8/silicon
wafers covered with a UV-transparent sheet are also applicable.
Since TEs are resins, the mold needs to be coated with an
antiadhesion layer such as Teﬂon/PTFE to prevent TE
adhesion to the master.17 However, it is important to keep
in mind that this antiadhesive layer may be transferred to the
TE surface and thus may change its surface properties.
Another fabrication possibility for TE devices is reaction
injection molding. This technique is very similar to replica
molding; however, the prepolymer is injected into a structured
cavity rather then poured into a mold. The big diﬀerence to
conventional injection molding is the fact that one side of the
mold has to be transparent when using photocurable TE
systems. It was reported that reaction injection molding of
OSTE+ using glass-covered aluminum masters is advantageous
compared to PMMA molds due to the higher heat
conductance of the metal which improves removal of excess
heat during the exothermic TE reaction.44 The reduced
temperature gradient delays and slows down the second thiolepoxy reaction and hence improves the demolding step while
still supporting the subsequent bonding of the polymer. Still, a
further modiﬁed version of injection molding can prove
advantageous when bonding to challenging materials is
required. In the literature, injection molding was reported
using a PDMS mold, which is directly attached to the substrate
where the TE is intended to be bonded to, and the TE
prepolymer is injected into the cavity provided by the mold
and the substrate.45−47 Since the liquid TE monomers ﬁll out
any small roughness on the surface, and even ﬁll pores in
membranes, the resulting mechanical interlocking provides a
strong adhesion.
10084

- 108 -

https://dx.doi.org/10.1021/acsami.9b22050
ACS Appl. Mater. Interfaces 2020, 12, 10080−10095

ACS Applied Materials & Interfaces

www.acsami.org

Review

Figure 4. Bonding strategies using diﬀerent formulations of thiol−ene polymers. The top row shows two separate layers after (a ﬁrst) curing, and
the inlays show a magniﬁcation of the interface. The bottom row represents the ﬁnal device after complete curing. (A) The most frequently
employed bonding method is semicuring where a thin unpolymerized layer enables subsequent bonding. (B) With the oﬀ-stoichiometric method
two diﬀerent stoichiometric mixtures enable the robust bonding approach. (C) Ternary materials are often used to facilitate bonding to nonthiol−
ene materials, therefore the gray substrate represents a nonspeciﬁed material.

Table 2. Bonding Possibilities of TE Based Polymers to Selected Non-TE Materialsa
TE
OSTE
OSTE+
NOA 81

Glass or Silicon

PDMS

Plasma/photolith.
MPTMS, Isocyanate
Plasma
Plasma/photolith.71

MPTMSc
MPTMSc
APTESd, MPTMSc
MPTMSc

Aluminum

Gold

PMMA

Teﬂon

APTES, MPTMS

Photolith.
Directlyb
Directly

APTES

Cemented ﬁlm46
Teﬂon AF72

a

Surface treatments are indicated. bOnly thiol-excess OSTE. cMPTMS = mercaptopropyltrimethoxysilane. dAPTES = aminopropyltriethoxysilane.

Besides the standard molding techniques, TE can also be
processed using other fabrication techniques, such as (soft)
imprint lithography, 72,75 even in a roll-to-plate mass
production format. The latter was applied to produce
structured TE sheets with a speed of up to 19 m min−1,
fabricating channels with a maximal depth of 90 μm and an
aspect ratio of 2:1.76 Due to the disadvantageously low
viscosity of the TE resin for this fabrication approach, the
prepolymer was rheologically modiﬁed either by using silica
particle ﬁllers or by precuring of thiol-terminated oligomers,
showing again the large operational ﬂexibility oﬀered by this
class of materials.
A ﬁnal interesting and increasingly popular fabrication
approach, namely 3D printing, has also embraced TE materials,
albeit rarely in the context of microﬂuidic device fabrication.
TEs are uniquely applicable to digital light processing or
stereolithography, due to high refractive indices, low oxygen
inhibition, and little shrinkage upon polymerization.77 Shafagh
et al. have shown electron beam structured nanoscale features,
allowing for the creation of complex designs out of OSTE
materials.78 However, achieving the necessary size features for
microﬂuidic devices over a suﬃciently large footprint is still
challenging and time-consuming.
It is important to stress that a major advantage of TE
materials is the much simpler bonding compared to other
materials. Challenges to realize appropriate bonding are often
the “Achilles heel” for many materials. Covalent bonding of
two separately prepared TE parts is straightforward, without
the need for any surface activation or treatment. The three
basic bonding concepts for TE materials are shown in Figure 4.
The most frequently applied technique is semicuring, where a
minimal UV-dose is used to polymerize the bulk from the top

(i.e., directly facing the light source), leaving a thin superﬁcial
layer on the far side unreacted (Figure 4A). This superﬁcial
layer is primarily a result of oxygen inhibition (therefore, the
mold material should generally be gas permeable, e.g.,
PDMS)9,75 and the fact that the polymer cures from the
illuminated (near) side to the far side, like a traveling wave.79,80
Exploiting these two phenomena enables the production of
two semicured parts, which are then manually pressed together
and subsequently photocured to generate a covalently bonded
device. This technique is mainly used for the fabrication of
NOA-based devices75 or photoinitiator-free formulations.43
Based on the authors’ experience, the bonding of photoinitiator-containing TE systems (PETMP/TATATO, Figure
1C) is more challenging since the polymerization proceeds
very fast and hence the two parts must be aligned and pressed
together within seconds after the initial cure, to result in
successful bonding. A solution to this limitation is shown in
Figure 4B, where two OSTE parts, one with excess thiol and
the other with excess ene, can readily be bonded in the
presence of a photoinitiator.17 Although this strategy enables
simple device bonding, it must be stressed that the two layers
possess diﬀerent mechanical properties and that resulting
buried structures have varying surface properties. This is likely
the main reason why OSTE materials have not found wider
applicability yet.81
Unique, in terms of bonding properties and fabrication
possibilities, is the previously discussed class of dual-cure
ternary materials (see Figure 3C). Ternary materials, which are
sequentially cured in two steps, are highly interesting for
applications, where, in a ﬁrst process, the polymer is shaped
into the desired form while it still maintains its elastic and, not
least, its adhesive properties (Figure 4C). In this state, the
10085

- 109 -

https://dx.doi.org/10.1021/acsami.9b22050
ACS Appl. Mater. Interfaces 2020, 12, 10080−10095

ACS Applied Materials & Interfaces

www.acsami.org

material can be further processed (e.g., demolded, cut in shape,
surface treated), and stored for later use (or shipped to a
customer) without initiating the second reaction. At a later
stage, the polymer can then be transferred onto a substrate,
where bonding is initiated by the second curing step. An
example is the OSTE+ material, where surface epoxy-groups
facilitate the covalent bonding to a variety of materials
(compare Table 2). Due to the remaining conformability
after the ﬁrst UV-curing step, the material additionally
facilitates mechanical interlocking and hence increases bonding
strength. In cases where TEs cannot directly bond to a
material, surface treatment must be applied, e.g., when bonding
to PDMS, where surface silanization allows for bonding.82
In summary, changes in the TE composition, whether
through changes in the monomers, their ratios or the addition
of initiators, allow for versatile cross-linking approaches to suit
most microﬂuidic applications and fabrication goals. The
previous sections highlighted key TE-based materials and
fabrication approaches; still, the possibilities are near limitless
given the vast choice of formulation possibilities.
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Table 3. Mechanical Properties of Selected TE Polymers
Material

■

PROPERTIES OF THIOL−ENE POLYMERS
A great variety of monomers can be used when preparing TE
polymers, and the resulting ﬁnal material properties are
consequently very diverse as well. In this chapter, we will
summarize the properties of the most common TE
compositions and commercial formulations, which have
already been used in the context of microﬂuidic fabrication.
Aspects, which are important during the material selection
process, including the mechanical properties (elastic moduli
and Tg), optical properties, solvent and oxygen permeability,
wetting properties, and biocompatibility, will be critically
assessed.
Mechanical Properties. With a wide range of both inhouse synthesized and commercially available monomers,
along with entire formulations ready to be used, the
mechanical properties of TE polymers can be easily tailored
to ﬁt the needs of the application. The following section
attempts to summarize the various ways in which the elasticity
and glass transition temperature of TEs can be modulated. A
summary of the reported moduli and Tg are shown in Table 3.
TEs with elastomeric properties with low Young’s modulus
(0.1−10 MPa) can be realized by choosing appropriate
monomers, resulting in a hybrid “OSTE-PDMS” material
composed of vinyl and thiol terminated polydimethylsiloxanes.
Its applicability was shown for pneumatically actuated
microvalves as mentioned previously.17,83 Similarly, varying
the number of functional groups of the thiol monomer (di-,
tri-, or tetrathiol) in combination with a divinyl “ene”
monomer has been shown to produce materials with 1−10
MPa moduli for the implementation of microvalves.12
As opposed to changes to the monomer composition, rather
large variations in elasticity can be achieved using oﬀstoichiometric formulations. For example, varying the allyl to
thiol ratios, the elastic modulus ranges from 0.1 to 800 MPa,
such that increasing the thiol monomer concentration results
in lower moduli and decreased Tg values.83 It has been
postulated that this is due to the lower cross-linking density
that results from the limiting number of functional groups;17
moreover, the thiol-monomer has longer side chains as
opposed to the more rigid allyl monomer, where the increased
bond rotation contributes to the material’s ﬂexibility. An
increase in the storage modulus can also be achieved by the

Glass transition
temperature
(Tg, °C)

Young (E) or
Storage (E′)
Modulus (MPa)

Reference

PDMS
PETMP +
diallyl-PDMS
Thiol-PDMS +
vinyl-PDMS
PETMP +
diallyl
Ostemer 324
Flex
Ostemer 322

−135
n.a.

0.5−3 (E)
0.2−0.7 (E)

17, 84, 85
83

−36

0.1−0.3 (E)

17, 83

n.a.

10.5 (E)

12

n.a.

28 (E)

Manufacturer

69−80

Manufacturer,44

NOA-81
Trithiol +
TATATO

35−75
68−74

PETMP +
TATATO +
BADGE
PETMP +
TATATO
(1:1)
PETMP +
TATATO
heat treated

71−77

1000 (E), 2300
(E′)
850−1400 (E)
100−1740 (E,
varied molar
ratio)
1900 (E′)

51−74

1100−1400 (E),
1600−2300 (E′)

66, 67, 86, 87

117

2500 (E′)

87

17, 86
17, 83
44

addition of ternary components into the formulation, such as
epoxy monomers;63,66 however, conﬂicting data have been
shown, where increasing epoxy content lowers the stiﬀness of
the material.67 Similarly, moduli can also be varied through the
addition of composite solids, such as carbon nanotubes,88 or
aluminum oxide nanoparticles.89 The addition of 0.75 wt %
carbon nanotubes resulted in a 3-fold increase in the storage
modulus of NOA-83H, from 970 to 2850 MPa, or 5.7 wt %
aluminum oxide nanoparticles nearly doubled the storage
modulus of the thiol−acrylate system. These solids are thought
to reinforce the TE network, resulting in a stiﬀer material.
In addition to the polymer formulation, heat, curing
wavelength, and postproduction heat treatment can aﬀect the
mechanical properties. For example, by varying the temperature during UV curing of NOA-81, it is possible to control the
mechanical properties of the ﬁnal material.79 In this
contribution, the authors show that by increasing the
temperature during the curing process from 23 to 100 °C,
the modulus increases 7-fold, from 30 to 190 MPa. In a thiol−
ene/acrylate system with an added photoinitiator, shorter
wavelength light during curing (254 nm as opposed to the
“standard” 365 nm) has been shown to produce polymers with
signiﬁcantly higher storage modulus, and up to 20 °C higher
glass transition temperatures.90 High intensity 254 nm light
carries suﬃcient energy to break the S−H bond; therefore, in
combination with a photoinitiator in the system, the resulting
polymer is likely more cross-linked, resulting in a stiﬀer
material. Lastly, the glass transition temperature signiﬁcantly
increases following a postpolymerization heat treatment. It was
shown that 60 h, 200 °C heat treatment results in an increase
of Tg from 64 to 117 °C for PETMP and TATATO, though a
much smaller gain in the storage modulus.87 Such high glass
transition temperatures may be critical for high temperature
applications, e.g., to implement on-chip PCR.
Overall, the mechanical properties of TE materials can be
drastically altered through the chemical nature of the
monomers as well as the monomer ratios; moreover, they
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Figure 5. Selected examples of thiol−ene materials properties. (A) Autoﬂuorescence scan of OSTEmer 322 recorded with a plate reader46 and
ﬂuorescently labeled (λex 488 nm) nanopatterned OSTE structure of a tree shape with branches as small as 100 nm.78 (B) Extensive heat-treatment
signiﬁcantly improves the compatibility of several thiol−ene formulations with chloroform. Data shows the swelling of samples before and after
heat-treatment.87 (C) Contact angle measurements of Thiol-OSTE with postfunctionalization using acrylic acid or heneicosaﬂuorododecyl
acrylate.83 (D) Biocompatibility of TE-based materials investigated in terms of cell culture viability. Live−dead staining of spheroids in a microwell
made from thiol−ene.98 (E) Primary stem cells grown on TE substrates coated with gelatin and stained actin cytoskeleton (red) and nucleus
(blue).46 (A, B, E) Reprinted from refs46,87 with permission of The Royal Society of Chemistry. (D) Reprinted from ref 98 with permission from
Elsevier.

results, as the emission proﬁle follows the increasing excitation
wavelength, which is consistent with Stokes−Raman inelastic
scattering. The single emission maxima at λex 360 nm and λex
540 nm are, however, consistent with autoﬂuorescence.
Therefore, Ostemer 322 may exhibit strong scattering
properties along with local ﬂuorescent centers. Additionally,
the authors compare the emission of Ostemer 322 with glass,
COCs, and polystyrene, where the presumed Raman scattering
of Ostemer 322 results in signiﬁcantly higher emission in the
short wavelength region of the visible spectrum. This
notwithstanding, the authors showed excellent cell visualization using a range of ﬂuorescent dyes in chips prepared with
Ostemer 322. In contrast to Ostemers, NOA’s were speciﬁcally
developed for optical applications, and while NOA-81 does
contain photoinitiator, it has been reported to have four times
lower levels of autoﬂuorescence than PDMS;75 however, the
scattering properties of the material are undocumented.
Nonetheless, with high optical clarity in the visible spectrum,
TEs are appropriate for ﬂuorescence-based applications such as
cell staining or as shown in Figure 5A, for visualization
purposes using Alexa Fluor 488.78,98 It has to be kept in mind
that if the material is heat treated to increase solvent
compatibility or decrease the oxygen depletion eﬀect (see
further below), it takes on a ﬁrst yellowish and then brownish
hue, signiﬁcantly altering the optical properties.87
Solvent Compatibility. A pertinent property of microﬂuidic materials is their compatibility with the chemical
environment they are exposed to. This could include extreme
pH values, but in particular also the use of organic solvents.
TEs are generally regarded to be signiﬁcantly more solvent
resistant than other polymer materials, such as PDMS, PMMA,
and COCs. Furthermore, with the possibility of replica
molding, as opposed to hot embossing for COCs and PTFE,
TEs are attractive polymers for organic solvent-based
applications such as in analytical and synthetic chemistry. A

can be further modulated by heat treatment and by changing
the wavelength of the UV light used for curing.
Optical Properties. For optical applications, the microﬂuidic material should be transparent in the region of interest.
The gold-standard polymers for optical applications are cyclic
oleﬁn copolymers (COC) and PMMA, given their low
absorption both in the visible and near-UV range.44 TEs
exhibit high optical transparency in the visible spectrum;18
however, UV transmittance varies with composition. Certain
TEs can compete with the near-UV transmittance of COCs
and PMMA. For example, PETMP/TATATO show good
transmittance in the UV-A region above 325 nm,18 whereas
Ostemer 322 and OSTE+ show substantial absorption below
380 and 420 nm, respectively,44 while still transparent in the
visible region.
For certain applications, the refractive index of the liquid
inside the microﬂuidic channel should match the refractive
index of the material, eliminating imaging artifacts near the
edge of the channel.94 To realize optical elements such as
lenses or waveguides, on the other hand, a high refractive index
is more advantageous. TEs generally have a relatively high
refractive index, with NOAs ranging from 1.52 to 1.56,14,95
Ostemer 322 at 1.58, and PETMP/TATATO around 1.56 for
all stochiometric ratios.18 For this reason, thiol−ene−epoxy96
and NOA-8997 have been successfully used to prepare
microoptical elements.
For ﬂuorescence-based applications, the autoﬂuorescence
and light scattering of the material is important to consider.
For TEs, an important contribution to autoﬂuorescence stems
from the addition of a photoinitiator, and therefore this should
be avoided for high sensitivity detection applications.52 An
excitation/emission scan of Ostemer 322 is shown in Figure
5A, where the strong emission seen in the UV-A excitation
wavelength range (λex) was concluded to be autoﬂuorescence.46 However, the authors might have misinterpreted these
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or additives can greatly increase solvent compatibility further,
making it an ideal polymer for solvent-based applications.
Wetting Properties. With the high surface area to volume
ratio in microﬂuidics, the surface properties need to be tightly
controlled. Wettability of a material plays a critical role in
determining ﬂow properties, as well as for applications such as
droplet microﬂuidics, while assays involving large molecules
depend on reduced nonspeciﬁc adsorption. For example,
biomolecules tend to adsorb onto surfaces primarily through
hydrophobic interactions, which can be mitigated by increasing
the hydrophilicity of the surfaces.103,104
TEs are mildly hydrophilic polymers with a water contact
angle (WCA) between 60° and 80°14,15,51,53,72,105 depending
on the stoichiometric ratio of the monomers17,106,107 and the
curing duration.106 Classical approaches to increase hydrophilicity toward glasslike contact angles include oxygen
plasma14,53,87,106 and UV/ozone105 treatments, yielding surface
energy modiﬁcations, which are stable for several days.
As mentioned previously, a particular advantage of oﬀstoichiometric TEs is the ability to retain free allyl or thiol
surface groups for photografting of various molecules. Covalent
click-modiﬁcation of the surface is more desirable when
compared to more transient adsorption-based approaches
(Figure 5C). Various hydrophilic surface modiﬁers have been
employed, including PEG derivates (WCA 35−52°17,83),
acrylic acid (WCA 43°),83 hydroxylethyl methacrylate (WCA
25−43°),51,108 and allyl malonic acid (WCA 25°).81 Similarly,
hydrophobic modiﬁers include ﬂuorinated acrylates (WCA
102°−140°)51,83,107 and PDMS derivatives (WCA 77−97°).17
Selective masking of the TE bulk material during photografting
allows for the realization of dual-wetting properties, for
example for double emulsion droplet microﬂuidics.102
As surface modiﬁcations may be cumbersome to implement
and prone to heterogeneity or local defects, bulk modiﬁcation
of the microﬂuidic device is another approach to change
wetting properties by directly incorporating functional
monomers into the prepolymer mixture. Examples from the
literature describe a hydrophobic modiﬁer premixed into NOA
8153 and an innovative approach, where both hydrophilic and
hydrophobic monomers were incorporated into the prepolymer and simultaneously patterned by self-assembly of the
monomers onto a hydrophilic/hydrophobic patterned master
mold.54
The aforementioned examples of surface modiﬁcations again
highlight the versatility of oﬀ-stoichiometric TEs thanks to
their inherent ability to be click-modiﬁed resulting in readily
prepared customized surfaces.
Permeability. Given the broad range of possible
compositions of TE-based polymers, permeability to gas or
liquids varies depending on the formulation.109 Generally
speaking, for commonly used TEs (such as NOA-81, PETMP/
TATATO, and OSTE+), oxygen, water-vapor, and molecular
permeation are limited or very low. For example, PETMP/
TATATO and OSTE+ exhibit slight water absorption (1.5−
2.7%) while the ﬂexible OSTE+, with similar mechanical
properties to PDMS, has a 90% lower water vapor permeability
than PDMS.66,110 In terms of gas permeability, PETMP/
TATATO exhibits an order of magnitude lower oxygen
permeability when compared to polyethylene terephthalate
(PET).109 The combination of OSTE and PDMS, however,
shows high gas permeability and a stronger adsorption of small
molecules, mainly due to the presence of the PDMS backbone.

short list of frequently used solvents is given in Table 4, where
TEs (both NOA-81 and in-house mixtures), PDMS, and
COCs are compared with respect to swelling in those solvents.
Table 4. TE Swelling, in Comparison to PDMS and COCsa
Thiol−ene

NOA-8193
a

H2O
EtOH
Isopropyl alcohol
Hexane
Toluene
THF
DMF
Dichloromethane
Acetone
Acetonitrile
Chloroform

PETMP
+ TTT87
b

PETMP
+ TTT
Heat
treated87
b

PDMS91
a

COC92

S (%)

S (%)

S (%)

S (%)

Sc (%)

1
0
0
0
2
16
n.a.
27
12
11
34

0.5
0
0.5
0
0.5
5
7.5
25*
6
12
20

0
0
0
0
0
0
0
13*
0.5
3
0

0
4
7
35
31
38
2
22
6
1
39

<3
<3
<3
>8
>8
>8
<3
>8
<3
<3
>8

Review

a a

S is percent swelling in 2 mm polymer squares after 24 h immersion,
Sb is percent swelling in 500 μm wide channels after 24 h solvent
immersion. Sc is the percent weight increase over the course of 8
weeks. *swelling after 4 h.

Interestingly, recent ﬁndings show that heat treatment of
TEs, well beyond their glass-transition temperature, results in
signiﬁcantly improved solvent resistant properties.87 In Figure
5B, the eﬀect of heat treatment on chloroform compatibility is
shown for four diﬀerent TE formulations. TE solvent
resistance, including solvent-induced delamination, was also
investigated in other published articles;53,71,99 however, a direct
comparison of the data is diﬃcult due to the various
methodologies used in these investigations to determine the
eﬀect of solvents on the materials. It is important to keep in
mind that the type of monomers and the stoichiometry used
plays a crucial role in the solvent compatibility of the
material.83 Both aspects are connected to the relationship
between Tg and the void volume of the material, such that
softer, more elastic networks of polymers are more susceptible
to solvent permeation and swelling induced deformation.
Moreover, as the storage modulus of the material is correlated
with the cross-linking density, the expected solvent resistance
can often be gauged from the degree of cross-linking.
Consequently, the concentration of photoinitiator in the
mixture plays an important role in the solvent compatibility
properties as it determines the resulting cross-linking density of
the material.
The addition of ﬁller materials has also been shown to
modify solvent resistance. For example, for NOA 83H mixed
with carbon nanotubes (CNTs), toluene-induced swelling
could be reduced from 18.3% to 1.6%. For acetone, a more
moderate reduction occurred from 9.9% to 4.6%.88 However,
the addition of CNTs renders TEs nontransparent.
Similar to the previously investigated properties, the solvent
compatibility of TE largely depends on the monomer
composition. Generally speaking, however, the TE family of
polymers are inherently more solvent resistant than many
common polymers. Additional treatments and modiﬁcations,
such as higher photoinitiator content, temperature treatment,
10088
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Figure 6. Examples of TE based microﬂuidic devices. (A) Intestine-barrier model using CaCo-2 cells on a porous membrane-integrated TE device.
Adapted from ref 100. (B) Flow chamber for C. elegans culture and oxygen consumption rate measurements. Adapted from ref 101. (C) Analytical
device fully made of TE featuring an emulsion-templated porous structure for solid phase extraction (bottom left inlay) and a 3D-tapered emitter
for electrospray ionization (top-right inlay) coupled to mass spectrometry. Adapted from ref 21. (D) Microﬂuidic TE gasket for immunoassay
readout showing 384 printed protein spots in one well.50 (E) Optical microscopy image of water in PDMS in water double emulsion showing the
narrow size distributions of the overall capsule size and its inner phase diameter.102 (B, C) Adapted from ref 101 with permission from The Royal
Society of Chemistry. (A, D, E) Reprinted from refs 21, 50, 102 with permission from The Royal Society of Chemistry.

However, it is important to keep the correlation between Tg
(relating to the free-volume of the polymer) and permeability/
diﬀusivity in mind. Kwisnek et al. show a strong correlation
between Tg and oxygen permeability and diﬀusivity for various
TEs.109 For elastomeric TEs with Tg values below room
temperature, as Tg increases, both the free volume and oxygen
diﬀusivity are reduced. For densely cross-linked, glassy TEs,
increasing Tg results in increased free-volume and oxygen
diﬀusivity, albeit still exhibiting overall low permeability and
diﬀusivity. Therefore, based on the glass transition temperature, the expected permeability of the TE polymer can be
estimated.
Oxygen Uptake. TE polymers can take up oxygen from
the environment, which is a unique characteristic among
plastics and was just recently described in more detail.111 Since
the cured TE polymer is a poly sulfur network, consisting of
thioether-linkages, each sulfur atom in the polymer chain can
react with up to two additional oxygens. As a consequence, any
ﬂuid containing dissolved oxygen, which is in contact with
OSTE+, will be depleted of oxygen. In a microﬂuidic channel
made from this particular TE material, the oxygen concentration dropped from 20% to close to the detection limit within
a few minutes. Interestingly, the oxygen depletion rate can be
tuned depending on a postpolymerization heat-treatment of
the OSTE+, varying with duration and temperature level of the
treatment. This rather exotic material property has direct
implications for the compatibility of this material with
biological systems.
Biocompatibility. The application of microﬂuidics to
study cell cultures or create complex in vitro models, e.g.,
organ-on-chips, is growing rapidly, and as such TEs are of
interest for these applications as well. In this context,
biocompatibility refers to the ability of growing cell cultures
in TE devices without altering the speciﬁc cell functions.
Several studies have been investigating this issue, but so far no
conclusive results could be drawn. For example, the cell
viability assessed using a metabolic activity assay showed no
signiﬁcant diﬀerence for cells cultivated together with pieces of
TE (PETMP/TATATO) or without them.100 In experiments
where cells were grown directly on OSTE+ substrates, viability

slightly increased, while cells which were grown in the presence
of TE extractions (water that was previously incubated with
TE polymer samples) showed a decrease in viability in a
concentration dependent manner.112,113 In another study, cells
were grown in microwells made of NOA 63, showing good
biocompatibility (Figure 5D).114 Conversely, in another study,
leaching monomers were identiﬁed as a potential source of
cytotoxicity, although preincubation of OSTE+ in water
mitigated any negative cell responses.113 Additional investigations of cell morphology and stem cell diﬀerentiation
suggest biocompatibility of OSTE+ (Figure 5E).46 Notably,
thiol-excess OSTE yields a lower viability compared to allylexcess, while plasma treatment of the thiol-excess OSTE
increases cell viability.115,116
According to ISO 10993-5, TE-based materials can most
likely be classiﬁed as biocompatible;113 however, the oxygen
depletion property mentioned further above can seriously
impact cell function in a closed compartment. Therefore, the
material should be heat treated prior to use to reduce this
eﬀect, in case it is not desired.111
The challenge to draw general conclusions on the
biocompatibility of TE stems largely from the fact that the
monomer composition determines this property. However,
several previously mentioned formulations were tested and no
cytotoxic eﬀects or other unexpected variation in cell responses
were reported, as outlined above. If other formulations than
the ones already described are used, in particular together with
special additives (initiators, inhibitors, plasticizers etc.),
additional tests for biocompatibility are highly recommended.

■

EXAMPLES OF TE-BASED MICROFLUIDIC DEVICES

As was described in detail above, TE polymers show a number
of interesting properties and fabrication possibilities that
should make them preferred materials for many microﬂuidic
applications, or, at least, a highly promising alternative worthy
of consideration. Indeed, these polymers have already been
applied in various research ﬁelds ranging from analytical
chemistry to organ-on-a-chip. However, since their more
widespread use is only just starting and many eﬀorts so far have
been on the material characterization and fabrication side,
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Analytical Microdevices. The very ﬁrst microﬂuidic
devices were developed for applications in analytical chemistry,
namely ﬂow-injection analysis, chromatography, and electrophoresis.120 Initially, these devices were glass and/or silicon
based, but due to the demand for rapid prototyping and singleuse devices, polymers are nowadays increasingly favored to
prepare analytical microdevices. TE polymers have already
been shown to be ideally suited for analytical applications due
to their good solvent compatibility and straightforward surface
modiﬁcation possibilities. For example, TE was used for the
fabrication of separation channels for electrophoretic separations of small molecules and peptides.43,99,106 On top of the
simple fabrication technique, TE facilitates physical (by oxygen
plasma)106 and chemical (by neutral polyacrylate coating)52
surface modiﬁcations to vary surface charges and, hence,
electro-osmotic ﬂow (EOF) mobilities. Stable EOFs, and
consequently reproducible migration times (<0.9% RSD), were
reported.99
While analytical separations have been successful using TEs,
detection can pose a challenge. In particular, TE’s limited
optical transmission in the near-UV range increases the limit of
detection by 10-fold compared to Boroﬂoat glass (i.e., the
detection is less sensitive).106 Therefore, a diﬀerent approach
to optical detection was facilitated by the integration of TEbased waveguides on-chip. The ﬁrst example was a ternary
system (thiol−ene−methacrylate), which inherently generates
a refractive index gradient perpendicular to the edges of the
waveguide and thus greatly reduces optical losses due to edge
scattering.121 In a related article, oﬀ-stoichiometric TE
waveguides were used for a classical bioanalytical biotin−
streptavidin assay; however, the linear detection range was
shown to be very narrow (0−5 μM streptavidin).18
To increase detection sensitivity (and circumvent any issues
and challenges with optical detection), emitters for electrospray ionization mass spectrometry (ESI-MS) were developed
using replica molding of TE.21,99,122 Initially, the emitter taper
was made in 2D, but for robust and long-term spray stabilities
sharp emitter apexes are desired, and an improved version with
a three-dimensional tapered geometry was developed (Figure
6C).21 These 3D emitters lasted for more than a month before
mechanical deterioration and showed good spray stabilities for
at least 3 h, providing a relative standard deviation of 8% for
the baseline over 15 min. Notably, when using oﬀstoichiometric mixtures to fabricate these chips and emitters,
leaching monomers were visible in the background spectrum,
and thus, the chips had to be thoroughly rinsed prior to
application to remove the remaining monomers.
Upstream of the emitter, an important sample preparation
technique, namely solid phase extraction (SPE), was
implemented on the same chip.21 To realize the retention
functionality, undecanethiol (C11) was immobilized on a TE
emulsion template monolith (compare Figure 6C bottom
inlay). Using monoliths allows for an increased surface area to
volume ratio for C11 modiﬁcation and resulted in a column
capacity of 14 μg m−2 for anthracene as test compound.
However, the nonfunctionalized monolith already showed
signiﬁcant retention in its native state, and the achieved
recovery for another test compound, progesterone, was only
around 40−50%, leaving room for improvement. One
challenge here appears to be how to increase the surface
density of thiol or ene groups available for surface
functionalization.

there is only a limited set of published papers available that
highlight how TE polymers can make a diﬀerence for speciﬁc
applications. In this section, we will present select examples
from within three application areas, and assess the speciﬁc role
of TE polymers. In a related recently published review article a
broad overview over microscale applications of click chemistry
in general is given.117 This should provide further inspiration
to implement some of these chemistries also in the context of
TE-based microﬂuidic systems.
Cell Culture and Biological Applications. Microﬂuidics
approaches were introduced to life science applications to
increase the degree of automation, allow a high throughput of
samples, mimic more closely in vivo conditions (e.g., shear
forces as they occur in blood vessels), and integrate real-time
sensors.
One area where TE polymers were applied is the preparation
of microarrays for the culturing and high-throughput screening
of cells114 and breast cancer spheroids,98 respectively. In both
cases, these microarrays were fabricated from commercial
NOA 63114 or NOA 8198 by imprint lithography using a
PDMS stamp. For cellular spheroids production, a simple
coating procedure was advantageous to prevent cellular
attachment to the microchamber and form the desired spheres.
In another work, a two-chamber microsystem with an
integrated membrane was used to mimic the intestinal barrier
function, where all parts (other than the membrane) were
fabricated using TE (Figure 6A).100 The microdevice enabled
transport studies across a Caco-2 cell layer while optical and
functional monitoring of barrier integrity was performed in
real-time in eight parallel chambers. TEs are highly desirable
for drug transport studies compared to PDMS due to the
negligible absorption of small molecules inside the polymer.
Besides culturing cells and bacteria, also the multicellular
organism C. elegans has been grown in OSTE+ highlighting the
versatility for biological applications.101 The very low oxygen
permeability of TEs allowed real-time monitoring of the
oxygen consumption solely due to the respiration of the
organisms, neglecting the inﬂux of oxygen molecules through
the substrate material (Figure 6B).
OSTE is an attractive option for applications that require
rigid microﬂuidic channels. This property was used for the
fabrication of a microﬂuidic array of pinch-points, to
mechanically lyse cells.118 OSTE materials do not expand
under pressure, thus maintaining a high energy dissipation rate.
As a result, 85% of tumor cells pumped through the system
were lysed, while similar soft PDMS devices only provide an
eﬃciency of 40%. In related work, an approach to increase the
mechanical stiﬀness of PDMS by applying thin coatings of TE
was described.119 Coated PDMS micropillars showed 70% less
deformation compared to the noncoated ones.
In another application, an elastic membrane was integrated
into an OSTE+ device to realize a mechanically actuated
wound healing or migration assay.82 The functional groups on
the OSTE+ surface enabled covalent bonding of the elastic
membrane while the OSTE+ rigidity ensured no deformation
of the device during the actuation of the membrane by
pressurized air.
Due to their biocompatibility, optical transparency,
avoidance of absorption of small molecules, and overall
favorable and tunable mechanical properties, TE polymers
show excellent prospects for cell-based applications, awaiting
their full potential to be explored.
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spheres obtained by a double emulsion approach performed on
a TE chip.102 This contribution exempliﬁes the versatility of
TE for selective surface modiﬁcations needed for double
emulsion droplet generation. In related work, researchers
looked at how the deformability of PDMS (adversely) aﬀects
the eﬃciency of inertial focusing and, along with that, the
resulting particle size distribution.127 The main reason for
obtaining a wider size distribution was the changing cross
sectional geometry of the channels, which was directly related
to material deformability. In a recent work, a TE ﬂow focusing
device was shown to produce chloroform-based PLGA
particles at 1 μm diameters.128 The monodisperse chloroform
droplets were produced at high ﬂow rates generating extreme
backpressures, where the TE chip maintained structural
integrity, highlighting both the bonding strength, mechanical
stiﬀness, and solvent compatibility of the material. With these
core strengths of TE materials, there is a huge potential for
designing and building robust ﬂow focusing devices from TEs.

Emulsion-templated TE-beads ﬁlling the entire lumen of a
channel (aka “porous monoliths”) are ideally suited for the
immobilization of enzymes due to the high surface-area to
volume ratio. In a protein analytical workﬂow it is often
preferred that enzymes are immobilized and therefore do not
interfere with any downstream processes and also can be
reused. Microﬂuidic solutions for in-line immobilized
enzymatic reactors (IMERs) furthermore allow the immobilization of rare and/or expensive enzymes since only a small
amount is needed to cover the internal surface. Two
commonly used proteases, pepsin and trypsin, as well as
galactose oxidase and a deglycosilating enzyme, PNGase F,
were successfully immobilized via the TE click chemistry and
an ascorbic acid linker.19,20,123 In a recent publication, a small
TE monolith segment was used as a highly eﬃcient mixer for
fast labeling experiments during the sample preparation step
for a hydrogen−deuterium exchange (HDX) workﬂow.104
Similar to monoliths, micropillar arrays were made with OSTE,
where abundant surface thiols were functionalized with gold
nanoparticles and those in turn coated with a protease.124
Replica molding was facilitated without the use of photoinitiators and gave excellent control over the number of free
surface thiols allowing for variable hydrolysis rates. In these
examples, TE devices in conjunction with beads or pillars
yielded robust enzyme reactor systems for proteomics research.
Instead of micropillars, an elegant way of producing
microarrays of molecules is to microprint them with the help
of a photochemical printer.50,125 Protein microarrays have been
generated on epoxy coated glass slides, to which a special room
temperature bonding thiol−ene−epoxy material was formulated to create a leak-tight seal between the microarray and a
ﬂow chamber (Figure 6D).50 Using this TE-based gasket,
biofunctionalized microarrays were simply combined with
microﬂuidic chambers as the bonding is initiated at room
temperature and hence no denaturation of the temperature
sensitive proteins could occur. Combining such a gasket
material with the microprinting system, many other bioassay
investigations will become possible, for example, potentially
even in vitro for cells interacting with diﬀerent compounds.
Such systems might turn into very eﬃcient tools for biologists.
Other sample preparation techniques, such as liquid−liquid
extraction and electromembrane extraction, beneﬁt from the
good solvent compatibility of TEs as well as the simple and
versatile fabrication possibilities.47,126 In the case of electromembrane extraction, reaction injection molding using TE
enabled the integration of porous polypropylene membranes,
which is challenging to achieve with other polymers.47
In general, TE’s inherently good solvent compatibility is a
big advantage in many analytical chemistry applications where
it is often necessary to employ organic solvents. Moreover, the
high degree of polymerization results in very low amounts of
leachable monomers which prevents sample contamination.
Flow-Focusing Devices. The preparation of small
droplets of an inner phase solvent not miscible with an outer
phase solvent often requires large (10−100×) ﬂow rate
diﬀerences between the two phases, producing high back
pressures that can easily lead to delamination and leaks. TE
polymers provide high bonding strengths and mechanical
stiﬀness, solvent compatibility, as well as the ease of surface
modiﬁcation to suit both water-in-oil and oil-in-water droplet
generation. Combined, TEs are ideally suited for ﬂow-focusing
devices.87,102,127 Figure 6E shows the achievable narrow size
distributions of inner containers and the encapsulating outer

■

SUMMARY AND PERSPECTIVES

It is probably not entirely far-fetched to claim that most
microﬂuidic devices to date have been manufactured using a
less than optimal material and that developers of lab-on-a-chip
applications havemore often than nothad to deal with
frustrating shortcomings of one or the other material, leading
to hampered performances or cumbersome workarounds. Most
of these issues stem from the fact that so far no material was
“invented” or tailored speciﬁcally to the needs of microﬂuidic
fabrication and application, but almost always had been
materials that were “oﬀ the shelf” or “used by others before”.
It was the intention of this review to make a case for the TE
polymer family of materials and to provide the readers with
suﬃcient background and information to allow their own
assessment of whether this material has the potential to be a
valid and promising alternative to materials used so far. We
tried to argue that, because of the chemical principles involved
and the large variety of possible monomer combinations, this
material family is extremely versatile and poised to be
applicable to almost all challenges encountered in the wider
ﬁeld of lab-on-a-chip. Flexibility and ease of fabrication are
immediate advantages, but more long-term beneﬁts, such as
the implementation of “green chemistry” protocols and
sustainable production, should not be underestimated either.
TE- (and, in general, click-chemistry)-type materials have
been known and studied for quite some time already, but still
many “secrets” and characteristics of these materials remain
less than fully understood and yet to be exploited properly.
While this fuzzy parameter space is a main reason for the
overall versatility of the material, it also, somewhat understandably, delays its further acceptance in the community,
whogiven the choicewould probably prefer a fully
explored, matured, and hence almost immutable material.
Thus, this review has mainly focused on collecting a wealth of
material properties and mapping out numerous ways to tailor
these materials for speciﬁc fabrication and applications needs,
whereas the number of published examples of TEs being used
for lab-on-a-chip is still limited. While these very promising
materials still have shortcomings (most of them have been
mentioned in the review), they also certainly have the potential
to overcome most, if not all, of these limitations given the
versatility that is inherent in the underlying chemical approach
to designing, fabricating, and tuning TE materials.
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It is unlikely that there ever will be a “standard” material for
microﬂuidic devices (as, for example, fused silica is for
capillaries), but TE materials are very strong contenders to
replace many “less than perfect” materials in today’s designs
and products or, at least, become a powerful addition to the
toolbox of microﬂuidic designers, to be used in connection
with other materials, such as the still ubiquitous glass and
PDMS.
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