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A series of water-soluble macro-initiators is synthesized to avoid radical loss
in microfluidic on-chip photo cross-linking of hyaluronic acid methacrylatecontaining water-in-oil emulsions. Their superior performance over known
photo-initiators through the generation of water-soluble radicals and
excellent biocompatibility are demonstrated.

In recent years droplet-based microfluidics has emerged as a powerful
tool in chemical and biological research as it provides new opportunities for the miniaturization of chemical and biochemical reactions,
novel platforms for single cell analysis, and innovative ways for
microstructure fabrication.1,2 In materials science, droplet-based
microfluidics is particularly useful for preparing uniform, monodisperse polymer particles with precise control over their size, composition and morphology. Heat, redox reactions and light are most
commonly used to initiate polymerization reactions in droplets. A
UV-initiated polymerization reaction is generally preferred due to the
rapid kinetics that preserve the internal microstructures and the
precise spatial and temporal control over the reaction.3 Various
reports have shown UV-initiated polymerization in combination with
droplet microfluidics for the fabrication of porous microspheres,4
microcapsules5 and microgels.6 In most of these examples UV
irradiation takes place oﬄine in a bulk emulsion. This is not ideal,
as homogeneous UV irradiation on each droplet cannot be ensured,
which may lead to heterogeneity in the polymer particles produced.
On-chip photo-polymerization could not only overcome this problem,
but also oﬀer the possibility of locking the internal droplet microstructure.5 Recent advances in microfluidics have made it possible to
precisely control on-chip incubation time by incorporating delay
lines.7 For the reliable utilization of on-chip photo-polymerization
in emulsion droplets, droplets need to be stable and retain their
contents, which is normally realized through the use of surfactants.8
Most commonly used and commercially available photo-initiators are
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type I initiators that dissociate into two radicals following photon
absorption in the visible wavelength range. One common feature of
this class of photo-initiators is that they generally possess very limited
water solubility, especially those intended for the formation of
biomaterials where biocompatibility also has to be taken into
account.9 In the case of water soluble monomers/macromers, the
solubility diﬀerence of the monomers and initiators could result in a
preferential polymerization reaction at the water–oil interface.5 Moreover, it is known that the surfactant layer stabilizing microdroplets is
in principle permeable to small molecules.10,11 UV polymerization of
water-soluble monomers/macromers in water-in-oil droplets with
commercially available UV initiators in the aqueous phase thus
presents potential challenges as the partitioning of the waterinsoluble initiators and radicals into the oil phase may take place,
lowering the effective concentration of radicals. In fact, similar
molecular transport phenomena have been studied in both controlled and conventional radical polymerization reactions in dispersed systems.12–14 However, on-chip polymerization in
microfluidic emulsion droplets differs from both homogeneous as
well as heterogeneous polymerization reactions as the reaction not
only happens inside a secondary phase, but also in a continuous flow.
So far, the distribution of photo-initiators in microfluidic two-phase
systems and its influence on the outcome of the on-chip photopolymerization have not been studied.
Here, we present studies on photo-initiator partitioning in
on-chip photo-polymerization in droplet microfluidic water-in-oil
two phase systems. A model reaction, UV-initiated cross-linking of
hyaluronic acid methacrylate (HAMA) (Fig. 1), was selected as it
potentially presents a novel hydrogel microbead platform for the
study of cell–matrix interactions15 at the single cell level.16
As shown in Fig. 1, a microfluidic flow-focusing device was
combined with an on-chip incubation module containing delay lines
for the production and subsequent UV cross-linking of HAMAcontaining droplets. The continuous oil phase consists of a fluorinated oil (HFE7500, 3 M) containing 1% (w/w) of a biocompatible
surfactant (Krytox–Jeffamine–Krytox A–B–A triblock copolymer). The
dispersed, aqueous phase consists of an aqueous solution of HAMA
(0.5% w/w) and a photo-initiator. Immediately after formation in the
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Fig. 1 Microfluidic fabrication of methacrylated hyaluronic acid (HAMA) beads.
(A) Chemical structure of HAMA. (B) AutoCAD-based schematic of a microfluidic device with delay lines for the on-chip photo cross-linking of HAMA
containing water-in-oil (W/O) emulsions. (C) Diﬀerential interference contrast
(DIC) microscopy image (left) and height profile (right) of the microfluidic device
fabricated in a two-step photolithography process on a silicon wafer.

flow-focusing nozzle which is 90 mm in height, droplets flow through
wide, deep channels 210 mm in height, containing constrictions
every 5.5 mm. The 3D design of the incubation chamber provides
spherical, non-squeezed droplets and increases their incubation
time. The constrictions provide sufficient mixing of the droplets,
ensuring equal residence time for all droplets.7
2-Hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone
(Irgacure 2959), a UV initiator that is generally considered cytocompatible,17 mainly resulted in cross-linking of HAMA in droplets
at the oil–water interface (data not shown). Therefore we used a
water soluble and biocompatible UV initiator lithium phenyl-2,4,6trimethylbenzoylphosphinate (LAP) (Fig. 2C, B3 mM)9 to study the
on-chip photo cross-linking. The cross-linking of HAMA was tested
by breaking the collected emulsion using perfluorooctanol (PFO) in
the presence of PBS and checking for microparticles in the aqueous
phase. Upon varying oil/aqueous flow ratio and maintaining a fixed
total flow rate of 1200 mL h 1 (250 to 450 nm, 4 mW cm 2, approx.
5 min), we found that HAMA hydrogel microbeads were only
obtained when droplets were densely packed in the incubation
chamber (Fig. 2B). No hydrogel microbeads were obtained in the
case of loosely packed droplets, where the droplets were largely
surrounded by the oil phase (Fig. 2A).
A close examination of the chemical structure of LAP and its
UV degradation products revealed that even though LAP itself
is water-soluble, the trimethylbenzoyl radical that is actively
participating in the initiation process is not. The fact that
UV-initiated HAMA cross-linking only took place when droplets were
in close contact with each other strongly suggests radical partitioning
into the oil phase. Upon UV irradiation, an aqueous solution of LAP
immediately became turbid, indicating the formation of waterinsoluble compounds. In the case of loosely packed droplets (oil : water
volume ratio Z1) flowing through the UV-incubation chambers, the
water-insoluble radicals generated by UV will most likely re-distribute
between the oil and the aqueous phase, ending predominantly in the
oil phase. For densely packed droplets, the balance of partitioning
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Fig. 2 On-chip cross-linking of HAMA in W/O emulsions depends on
droplet density in the delay line. When the total flow rate was kept
constant, (A) no hydrogel beads were formed in the case of sparse droplets
and (B) hydrogel particles (inset) were formed in the case of densely
packed droplets. The scale bars denote 1 mm and 200 mm in the inset.
(C) UV-generated hydrophobic radicals from hydrophilic lithium acylphosphinate (LAP) (upper row) and partitioning of radicals from the aqueous
droplets into the surrounding hydrophobic, fluorinated oil (lower row). (D)
Polymerization of 2,2,3,3,4,4,4-heptafluorobutyl methacrylate (HFMA) in
the oil phase of a HAMA containing W/O emulsion upon UV exposure due
to radical partitioning from the aqueous droplets.

might be towards the dispersed phase as the oil : water ratio is much
smaller (0.5). In order to verify this hypothesis, sparse droplets were
generated again with the oil phase replaced by a fluorinated monomer
(2,2,3,3,4,4,4-heptafluorobutyl methacrylate, HFMA) solution in
HFE7500. Upon evaporating HFE7500 from the eluent collected at
the outlet of the microfluidic device, a white solid compound was
obtained and tested by 1H NMR and GPC. The tests confirm that the
solid compound is indeed polymerized HFMA, whose molecular weight
increases with increasing HFMA concentration between 0.5% and 2%
(w/w) in the aqueous phase (Fig. 2D).
As the partitioning of water-insoluble radicals from LAP
obviously makes on-chip hydrogel microbead fabrication rather
uncontrolled, we set out to look for UV macro-initiators that circumvent the partitioning problem associated with small molecule radicals
and generate water-soluble radicals. In recent years some examples of
water-soluble macro-initiators have been reported. However, the
biocompatibility of these macro-initiators has not been fully
addressed.18–20 To this end, we designed and synthesized a series
of water-soluble LAP- and I2959-based initiators containing
poly(ethylene glycol) (PEG) tails of varying molar masses (Fig. 3).
Briefly, PEG-LAP was synthesized in a 3-step reaction starting from
2,4,6-trimethylbenzoyl chloride. LAP-CH2Cl was first obtained by a
Michaelis–Arbuzov reaction and subsequently reacted with PEG methyl
ether (MW 550 and 2000) in the presence of pyridine to give PEG-LAP.
To circumvent the very low yield of this reaction (1 to 2% w/w), PEG
methyl ether tosylate (MW 550 and 2000) was reacted with the primary
alcohol present on I2959 in the presence of pyridine to yield PEGI2959. All four compounds readily dissolve in water and show
degradation under UV irradiation (Fig. S2, ESI†). Bulk cross-linking
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Fig. 3 Synthesis of water-soluble radical generating macro-initiators
PEG-LAP and PEG-I2959.

experiments in HAMA solutions (0.5% w/w) containing equal concentration of PEG-LAP and PEG-I2959 (B3 mM) resulted in the formation of bulk hydrogels under the same UV irradiation conditions,
demonstrating their good initiation efficiencies.
Next, microfluidic on-chip photo cross-linking of droplets
containing HAMA hydrogel precursors (0.5% w/w) was performed under the above experimental conditions, but using
the newly synthesized photo-initiators (B3 mM) instead. Interestingly, homogeneous and spherical hydrogel microbeads
(Fig. S4 and S5, ESI†) were obtained in the case of loosely
packed droplets for all four macro-initiators. Moreover, when
HFMA was present in the oil phase, no fluorinated polymer was
obtained. The hydrophilic PEG tails ensure that the more active
benzoyl radicals that are attached to them stay in the aqueous
phase in the oil–water two phase system. In other words, the
retention of the radicals in the water phase was effectively
controlled by using the new class of macro-initiators.
For biological applications21–24 the cytocompatibility of
these new macro-initiators was tested. A standard MTT assay
shows that at the useful concentration range (r3 mM),17
PEG-I2959 is most cytocompatible among the five different
UV initiators tested in this study (Fig. S6, ESI†). It is also shown
that a longer PEG tail appears to induce higher toxicity. As
radicals are most often the cytotoxic species, a more relevant
experiment was carried out by embedding NIH/3T3 fibroblast
cells in HAMA hydrogels prepared under the same UV irradiation conditions with the same HAMA (0.5% w/w) and initiator
(B3 mM) concentrations. The viability of the cells was tested by
a membrane integrity assay using the Live/Dead cytotoxicity kit
(Invitrogen) following 24 h of culture of the 3D hydrogel/cell
constructs under standard cell culture conditions.9 Both PEG
containing initiators support over 90% of cell survival in the
hydrogel matrix (Fig. S7, ESI†), demonstrating their excellent
biocompatibility.
In summary, we have shown the redistribution of small
molecule radicals in microfluidic water–oil two phase systems due
to the differences in water solubility of the UV-generated radicals.
Radical partitioning results in uncontrolled photo-polymerization of
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water-soluble monomers and macromers on-chip when susceptible
photo-initiators such as LAP are used. A series of water-soluble
macro-initiators containing PEG tails were synthesized and their
superior ability in controlling radical retention in the original water
phase by generating water soluble radicals was demonstrated. PEGLAP and PEG-I2959 are both particularly useful for controlled
microfluidic on-chip photo-polymerization. The biocompatibility
of PEG-I2959 makes it an interesting candidate for droplet
microfluidics-based, biologically oriented applications, for example
the fabrication of hydrogel microbeads for live cell studies at the
single cell level.
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