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Introduction

Click reactive microgels as a strategy towards
chemically injectable hydrogels¥

Rémi Absil, P9 Seda Cakir, Sylvain Gabriele,® Philippe Dubois,?
Christopher Barner-Kowollik,*<° Filip Du Prez*° and Laetitia Mespouille*?

Doubly crosslinked microgels (DX microgels) are hydrogels constructed by covalently interlinked microgel
particles, offering two levels of hierarchy within the network, the first one being the microgel and the
second being the interlinked microgel network. Herein we describe an efficient approach for DX microgel
synthesis via the ultrafast triazolinedione (TAD)-based click reaction. Cyclopentadienyl functional micro-
gels were prepared by a conventional water in oil (W/O) suspension, free-radical copolymerization of poly
(ethylene glycol)methyl ether methacrylate (M,, = 500 g mol™) with glycidyl methacrylate and ethylene
glycol dimethacrylate as crosslinkers. Microgel post-modification was subsequently achieved by reacting
glycidyl functions with sodium cyclopentadienide (NaCp), resulting in Cp-functionalized microgels.
Finally, the microgels were mixed with a bis-TAD functional crosslinker, resulting in crosslinking with
adequate kinetics (minutes to seconds) to form a doubly crosslinked microgel network. Size distributions
of swollen microgels before creation of the second network were followed by optical microscopy and
particle size measurements. The efficient functionalization of the microgels with Cp units was demon-
strated by a fluorescence labelling study. Dynamic rheology data showed the increase of mechanical
properties from the microgels to the doubly crosslinked microgel network formed after addition of the
TAD crosslinker. The current study thus highlights the efficiency of catalyst free modular ligation chemistry
to synthesize DX microgels with a very fast gelation process from 5 minutes to 15 seconds depending on
the crosslinker to Cp ratio, from 0.7 to 1 respectively.

improve treatments. Among the various strategies reported in
the literature, in situ forming hydrogels, also called injectable

The rise in the number of serious illnesses reported in the
world’s population, together with the need to provide better
healthcare solutions has pushed the research community to
develop more creative and efficient materials that could
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hydrogels, are gaining an increasing deal of interest over the
past few years owing to their ability to deliver locally and in a
minimally invasive manner therapeutics or living cells upon
direct injection. In situ forming hydrogels are polymer
materials that spontaneously gelate under physiological con-
ditions to form three-dimensional structures, and with the
potential to take place into sites that are not accessible surgi-
cally. Furthermore, injectable hydrogels can easily adapt their
shape to a complex geometry and can adhere to the surround-
ing tissues during hydrogel formation, without altering the
natural tissue structure."” More interestingly, gelation can
occur in the presence of therapeutics (drugs, bioactive mole-
cules or cells), leading to a drug delivery device with controlled
release profile at the site of application, overcoming biological
obstacles and, in particular cases, the dose-limiting toxicity.>>
From a polymer chemistry viewpoint, polymeric materials
should meet specific criteria to be used for in situ forming
hydrogel applications such as adequate viscosity allowing an
easy injection, a fast transition from liquid/viscous solution of
polymer precursors to a solid, biocompatibility and appropri-
ate physical and mechanical properties for the targeted appli-
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cation.” Injectable hydrogels can be divided into two categories
according to their gelation process: chemically crosslinked or
physically crosslinked. The latter arises from secondary, weak
interactions such as electrostatic interactions,”°® host guest
interactions,'*** stereo-complexation®™” or sol-gel transition
induced by subtle changes under environmental
conditions."®*° Physical hydrogels offer a gentle gelation
process, limiting the denaturation of incorporated drug/
proteins and damage embedded cells and surrounding tissues.
While less attractive in their infancy, chemically crosslinked
injectable hydrogels are also gaining interest. They are usually
prepared by UV irradiation®’* or covalent bonding®**” and
they undergo a large volume change during the transition
phase.

Major attention has been devoted to understand the
relationship between sophisticated structures and properties
in order to open up and design the range of applications of
injectable hydrogels. In this context, doubly crosslinked (DX)
microgels are a new class of injectable hydrogels that bring
two levels of structural hierarchy.”®*> Indeed, DX microgels
that consist of internally crosslinked particles (micro- or nano-
sized gels) are able to establish connections with their partners
through an inter-crosslinking process. Unique properties such
as fine tuning of mechanical properties, DX microgel mesh
size, high specific surface area, controlled heterogeneity at the
nanoscale as well as moldable hydrogels that flow on applied
stress are all benefits that can emerge from this network con-
struction.”*** The first paper describing DX microgels was
published in 2000 by Hu et al.** In their report, they described
the synthesis of a new class of nanostructured polymer gels by
bonding crosslinked hydroxypropyl cellulose nanoparticles
with divinyl sulfone in solution at 55 °C. This increasing level
of structural complexity offers great promise for regenerative
medicine also in which injectable DX microgels have been
investigated for degenerative intervertebral disc treatment,
vocal fold restoration®® or mesenchymal stem cell differen-
tiation.>® Owing to the existence of two levels of cross-linking,
degradation and mechanical properties of the resulting hydro-
gel can be adjusted independently and therefore the responsiv-
ity of the materials increases greatly.

Various different strategies to synthesize DX microgels have
been published so far. Mostly, they are obtained by covalent
coupling via a free-radical polymerization process of pending
vinyl bonds localized at the particle surfaces.****?***** Only a
few examples report physical inter-crosslinking®**® whilst still
being efficient enough to produce hierarchized injectable net-
works embedding micro- to nanoparticles. The heat released
during the polymerization process and/or polymerization con-
ditions (temperature higher than body temperature) are not
always compatible with in vivo prerequisites. As a consequence,
covalent coupling reactions that occur fast and at room temp-
erature are really desirable. The realm of click chemistry reac-
tions offers a large choice for fast coupling reaction at room
temperature.*”>' However, while being a valuable tool for
many coupling reactions, this family of reactions has never
been investigated so far in DX microgel formation, except to
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introduce vinyl functions onto microparticle surfaces as
reported recently by Saunders et al. In their strategy, copper
catalyzed azide-alkyne cycloaddition (CuAAC) was investigated
to precisely control the extent of vinyl functionalization of the
microgel (MG) particles and therefore dial up the modulus of
the resulting DX microgels.*

Herein, we describe for the first time the use of a metal-
free, click coupling reaction to interlink well-defined micro-
particles. In particular, we are taking advantage of the 1,2,4-
triazoline-3,5-dione (TAD) based click chemistry, as previously
introduced by some of us.**> TAD chemistry is a promising
approach as it displays an extremely high reactivity towards
enes and dienes, favoring ultrafast Diels-Alder and ene-type
reactions. Typically, these reactions occur in a time scale of
seconds at room temperature with high conversion and
without the need of any catalyst or stimuli. More interestingly,
the reddish color of the TAD compound disappears after ene-
coupling resulting in a colorless product, offering a visual feed-
back of the progress of the reaction.”® According to these out-
standing properties, it is believed that the TAD-based coupling
reaction may provide an advantageous tool to prepare DX
microgels with an easy setup, a fast processability at r.t., inject-
ability and variation of the DX microgel modulus. In this
study, our approach is based upon the synthesis of polyethyl-
ene glycol (PEG)-based microgels obtained by water in oil
(W/O) conventional suspension free-radical copolymerization
of poly(ethylene glycol)methyl ether methacrylate (PEGMA,
M,: 500 g mol ") with a glycidyl methacrylate (GMA) and ethyl-
ene glycol dimethacrylate (EGDMA) crosslinker followed by the
derivatization of glycidyl groups with cyclopentadienyl (Cp)
compounds. DX microgels were then obtained in a catalyst
and initiator-free approach by mixing the Cp-functionalized
microparticles in the presence of a bis-TAD crosslinker (Fig. 1).
The ultrafast kinetic reaction of TAD with Cp allowed for the
formation of DX microgels within a time-frame of seconds.
Optical microscopy and particle size measurements were used
to probe the size and morphologies of the microgels.
Fluorescence microscopy investigations demonstrated the
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Fig. 1 Illustration of the synthetic steps for the design of doubly cross-
linked injectable microgels via click chemistry between cyclopentadiene
and triazolinedione groups.
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grafting and qualitatively quantified the efficient graft of cyclo-
pentadiene onto the surface of the microgels while UV
measurements gave information about quantitative surface Cp
functionality. Mechanical properties of the microgel suspen-
sions and the resulting DX microgels were investigated by
rheology.

Results and discussion
Cyclopentadienyl functional microgels

In the strategy investigated here, doubly crosslinked (DX)
network preparation via the Hetero Diels-Alder (HDA) reaction
firstly requires the synthesis of microgels, equipped with click-
able groups. The highly reactive cyclopentadiene (Cp) was
chosen as the diene of choice to decorate the microgels since
Cp is one of the most reactive dienes for Hetero-Diels Alder
(HDA) reactions.”” The Cp-functionalized microgels were syn-
thesized according to a protocol inspired by the work of the
Barner-Kowollik team.*® In their work, porous glycidyl-based
microspheres were produced by suspension polymerization fol-
lowed by a post-modification reaction with sodium cyclopenta-
dienide. In this context, the glycidyl moiety represents an
advantageous function for post-modification reactions as the
epoxide group can react in many ways.>’

Here, a series of glycidyl-based microgels were prepared by
water-in-oil (W/O) suspension free-radical copolymerization of
glycidyl methacrylate (GMA), poly(ethylene glycol)methyl ether
methacrylate (PEGMA) and ethylene glycol dimethacrylate
(EGDMA). The free-radical polymerization was conducted in
water droplets dispersed in cyclohexane under strong stirring
with an initial monomer concentration of 40%. The polymeriz-
ation was initiated at 70 °C using 4,4’-azobis(4-cyanovaleric
acid) as a free-radical precursor. Small-sized and non-aggre-
gated microparticles were achieved by using a mixture of SPAN
80/TWEEN 80 (5.6/1 molar ratio) surfactants that guarantee
stable droplet formation and afterwards, non-aggregated
microgels with narrow size distribution were achieved. The
initial co-monomer molar ratio [GMA],/[PEGMA],/[EGDMA],
was fixed to 3/7/1 and 3/7/1.5, which led to a molar compo-
sition in a glycidyl function of 28.1% and 26.8%, respectively.
In the first series of experiments, the impact of the stirring
rate on the particle size was studied by applying stirring rates
of 1200, 800, 400 and 200 rpm. Similarly, the impact of the
crosslinker density in microgels was also varied. The polymer-
izations were stopped after 6 h of reaction and the resulting
microgels were purified by extensive washing in ethanol to get
rid of any soluble fractions and surfactants. Size and size dis-
tribution were investigated by particle size measurements. The
morphology of PEG microgels was also characterized by optical
microscopy (Fig. 2). Table 1 shows the evolution of the micro-
gel diameter as a function of the stirring rate and the cross-
linker density. First of all, optical microscopy confirmed the
formation of well-defined rounded microgels as well as the
stability of the starting droplets (see the ESI S17).
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Fig. 2 Images of the purified glycidyl-based microgels (entry C,
Table 1) obtained by optical microscopy in deionized water at r.t. before
(left) and after functionalization by NaCp.

Table 1 Evolution of microgel size depending on the stirring rate and
crosslinker density

Sample [M]o/[T]o/[C]o Stirring rate (rpm) Size” (um)
A 1/0.05/0.1 1200 12 £ 2.5

B 1/0.05/0.1 800 22+£5.2

C 1/0.05/0.1 400 40 £12.6
D 1/0.05/0.1 200 90 + 40

E 1/0.05/0.15 200 65 + 25

“ [M]o/[1]o/[Clo : initial monomer/initiator/crosslinker molar ratio. ” Size
and size distribution as measured by a particle sizer in water at r.t.

As expected, increasing the stirring rate led to smaller
microgels, ranging from 90 pm (200 rpm) to 22 pm (800 rpm).
In addition, a small increase in the crosslinker molar compo-
sition led to a significant decrease of the microgel size. More
importantly, size and size distribution measured by both tech-
niques were in good agreement.

In the second step, reactive cyclopentadienyl groups were
installed on microgels through nucleophilic addition onto the
ring-strained epoxide. Practically, the GMA based-microgels
were functionalized in a single step by suspending the micro-
gels in anhydrous THF and subsequently adding a solution of
sodium cyclopentadienide (Fig. 4). The cyclopentadienide
anion reacts rapidly, following a nucleophilic addition onto
the epoxide ring. After only 1 h at 0 °C and 3 h at r.t., the reac-
tion was quenched with a saturated solution of ammonium
chloride and the amber-like particles were purified by filtration
followed by extensive washing with a saturated aqueous solu-
tion of ammonium chloride, acetone, water, acidic water (3%
HCl), ethanol/water (1/1), tetrahydrofuran and ethanol to
isolate the Cp-functionalized microgels (Table 2). Interestingly,

Table 2 Evolution of the microgel size after functionalization by
sodium cyclopentadienide

Size before derivatization® Size after Cp derivatization®

Sample  (um) (hm)

A 12425 12425
B 22452 23+5.2
o 40 +12.6 41+12.6

“Size and size distribution as measured by a particle sizer in water at r. t.
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Fig. 3 Particle size distribution as measured by a particle sizer before
(black) and after (orange) derivatization by sodium cyclopentadiene
(microgels from entry C, Table 1).

no change in size and size distribution was noticed after Cp
derivatization, as depicted in Fig. 2 and 3.

Beyond the change of coloration of the microparticle batch
after treatment with NaCp, the success of the derivatization
can be attested indirectly by fluorescence microscopy. For this
purpose, Cp-functionalized microgels were reacted with the
fluorescent marker N-(1-pyrene)maleimide (Pyr-Mal) via the
Diels-Alder reaction at 40 °C for 3 hours (Fig. 4). As depicted
in Fig. 5, microgels show fluorescent activity upon irradiation
with UV light (366 nm), demonstrating the grafting of pyrene
onto the surface of the particles. Moreover, surface functionali-
zation was attested by fluorescence microscopy as shown in
Fig. 5b and c. Both analyses demonstrate unambiguously that
microgels were well derivatized with Cp and that Cp surface
distribution is homogeneous on a micrometer scale. As a
control, glycidyl-based microgels subjected to the same
washing steps as their Cp-functionalized counterparts did not
show any fluorescence.

Controlling the kinetics of DX microgel formation is an
important issue that needs to be addressed depending on the
targeted application. It can be anticipated that the density of
reactive dienes onto the surface will strongly influence the rate
of gelation. Herein, tuning Cp density onto the surface is an
interesting strategy to set up the kinetic window of gelation.
For this purpose, GMA-based microgels were subjected to a
post-modification reaction with various quantities of NaCp
solution. Cp density modulation and distribution on the
microgel can be followed qualitatively by indirect measure-

NaCp
THF THF, 40°C

i) GMA microgel ii) Cp microgel

Fig. 4 Schematic overview of the functionalization and grafting reac-
tions on microgels. (i) GMA functionalized microgels are functionalized
with Cp by the reaction with sodium cyclopentadienide solution in
anhydrous THF. (ii) The Cp-functionalized microgels undergo Diels—
Alder reactions with the fluorescent marker N-(1-pyrene)maleimide.
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Fig. 5 Fluorescence analysis of (A) Cp microgels (negative control), (B)
fluorescence image of microgels after N-(pyrene)maleimide functionali-
zation, (C) high magnification image of a microgel after N-(pyrene)male-
imide functionalization, (D) color-coded fluorescence image with N-(1-
pyrene)maleimide and (E) surface plot representation of the fluo-
rescence on a microgel surface (reconstructed from (D)).
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Fig. 6 Linear increase of the fluorescence intensity of the Pyr-based
microgels in direct correlation with the quantity of the NaCp derivatizing
agent.

ments of fluorescence microscopy after derivatization of Cp
with N-(1-pyrene)maleimide. Indeed, with this DA click reac-
tion being quantitative and fast, it can be assumed that the
fluorescence intensity of pyrene can be directly correlated with
the Cp quantity. For this study, a microgel sample was deriva-
tized with a quantity from 0.08 to 0.4 mmol of NaCp and
finally by pyrene-maleimide.

As depicted in Fig. 6, a linear increase of the fluorescence
of the beads as a function of mmol of the NaCp derivatizing
agent is reported, with a reasonable regression coefficient.
This study confirms that we can control the density
functionalization of the microgels with a good level of reprodu-
cibility, which paves the way towards the on-demand gelation
kinetics of DX microgel formation. Qualitatively speaking, fluo-
rescence measurements prove the effective grafting of Cp func-
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Fig. 7 Structure of 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) (left)
and 4,4'-(4,4'-diphenylmethylene)-bis-(1,2,4-triazoline-3,5-dione)
(MDI-TAD) (right).

tions onto the surface, their homogeneous distribution and
their reactivity.

Fast inter-crosslinking and a high degree of gelation being
prerequisites to some bio-related applications, quantitative
estimation of the amount of Cp available on the surface is of
upmost importance in order to be able to determine the quan-
tity of crosslinker that should be added to the medium.
Quantification of Cp functions was further approached by titra-
tion of Cp moieties using an UV sensitive reactant that could
react instantaneously and quantitatively with the diene. For
this study we took advantage of the recently developed triazoli-
nedione TAD click chemistry (colour switch), which fits per-
fectly with the titration prerequisite and offers more accurate
values of the Cp content than fluorescence measurements.
The reaction was performed on two sets of particles, the size
of which is centered around 12 + 2.5 and 41 + 12.6 pm
(Table 1, entries A and C) with available 4-phenyl-1,2,4-triazo-
line-3,5-dione (PTAD) (Fig. 7, left) as a simple UV-sensitive
titration molecule at room temperature in butyl acetate. An
excess of PTAD arising after saturation of the Cp-based micro-
gels was measured by UV and quantified by means of a cali-
bration curve (4 = 148.49, A = 540 nm, see the ESI}). Therefore,
the Cp content was indirectly determined via quantification of
the PTAD amount remaining in solution.

As expected for an equal quantity of starting microgels,
smaller particles require more PTAD solution to saturate the
microgel surfaces as a result of their higher specific surface
area. Therefore, it was calculated that 137 nmol versus 66 nmol
of Cp were required to saturate 80 mg of 41 pm and 12 pm size
particles, respectively.

Synthesis of doubly crosslinked microgel (DX microgel) by
TAD click chemistry

Doubly crosslinked (DX) microgels arise from covalent
bonding between microgels, resulting in a permanent mono-
lithic hydrogel. An efficient conjugation process is therefore
required to link soft microbeads all together. In the field of
this work where beads are in the size range of microns, it is of
importance to select a conjugation process that ensures the
coupling of localized functions in an additive-free way. Hetero
Diels Alder click reactions involving Cp have already been
demonstrated as a powerful technique in terms of efficiency,
allowing us to obtain very high molecular weight block copoly-
mers in less than 10 minutes, starting from end-functional,
high molecular weight, polymer precursors.®”®’ Herein, we
take advantage of the ultrafast TAD-based HDA click chemistry

6756 | Polym. Chem., 2016, 7, 67526760
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to interconnect the microgels. For this purpose, a bis-TAD
functional crosslinker, 4,4'-(4,4'-diphenylmethylene)-bis-(1,2,4-
triazoline-3,5-dione) (MDI-TAD, Fig. 6 right), was synthesized
according to a reported procedure.”

Practically, a concentrated suspension of microgels was
stirred at r.t. and MDI-TAD was added directly into the suspen-
sion. Different amounts of crosslinkers were added, based on
the Cp content as titrated by UV, to check the influence of the
crosslinker quantity on the gel formation. Hydrogel formation
begins immediately after addition of the MDI-TAD. At too low
MDI-TAD concentration, there is insufficient amount of the
crosslinker and a homogeneous hydrogel cannot be obtained.
On the other hand, when too high concentrations of MDI-TAD
were used, gelation did not occur. Obviously, the first HDA
reaction is faster than the second reaction step, which results
in saturation of the Cp moieties at higher crosslinker concen-
trations. Only at intermediate MDI-TAD concentrations, homo-
geneous hydrogels were formed within seconds, as shown in
Fig. 8 and Table 3.

Dynamic rheology was used to probe the mechanical pro-
perties of the DX microgels using parallel plate geometry. The
data was compared to the precursor microgel suspension in
the swollen state. The microgel suspension was homo-
geneously dispersed before DX microgel formation to promote
homogeneous density of the microgel in the resulting DX
microgel. The storage modulus, G, reflects the solid-like com-
ponent of the rheological behavior, which is thus low at solu-
tion stage but increases drastically after gelation (G” is the loss
modulus and tan§ = G"/G'). Samples are first subjected to a
strain sweep from 0% to 15% to define the linear viscoelastic
region in which the modulus G’ and G” are independent of the
applied strain. In our experiment, the strain amplitude was set
as 0.5% and G’ and G" of the different DX microgels were
probed over a period of measurements of 5 minutes duration
to verify the influence of the crosslinker quantity on G’ of the
resulting DX microgel.

For both DX microgels and microgel suspension, the
storage modulus (G') values are higher than the loss modulus
indicating a gellike behavior as defined in Winter and
Chambon criteria.®” This data shows that the precursor micro-
gel suspension exists as physical gels prior to second cross-
linking as also stated in the paper of Saunders et al.®* The vari-

Fig. 8 (A) Picture of gel (right) formed within 2 minutes after addition
of the MDI-TAD onto microgel suspension (entry D Table 3) and (left)
microgel suspension (entry A Table 3). (B) SEM image of a DX gel.

This journal is © The Royal Society of Chemistry 2016
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Table 3 G’ evolution of the DX microgels with the TAD/Cp ratio

Samples Ratio TAD/Cp Gelation time (s) G' (Pa)
A 0 No gel 25
B 0.7 300 86
C 0.8 15 90
D 0.875 15 112
E 1.05 15 92
F 1.22 30 84
G 2.5 No gel 24
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Fig. 9 Mechanical property characterization of DX microgels obtained
at various TAD/Cp ratios and of the starting microgel suspension by
rheology at r.t.

ation of G’ for the DX micro-gels as a function of the cross-
linker quantity is shown in Fig. 9.

This data reveals that the DX microgels had consistently
higher G’ values than the precursor microgel suspension (entry
A) and that the G’ value increased by approximately a factor of
4 for the DX microgel (see Table 3). The increased G’ values
can be attributed to the additional covalent crosslinking
adduct from the cyclopentadiene/TAD reaction. It was expected
that increasing the crosslinker quantity will lead to a higher
value of G’ but interestingly, a maximum in G’ is observed after
adding an amount of MDI-TAD, corresponding to a ratio of
TAD/Cp of 0.875. Confirming previous observations, a further
increase in the quantity of MDI-TAD leads to a decrease of the
storage modulus and even to no gelation if a large amount of
MDI-TAD is added as depicted in Fig. 10.

This decrease in G’ and gelation time can be explained by
saturation of the microgel surface by the MDI-TAD, decreasing
the Cp content available to promote the formation of the
second network. This data nicely validates our approach to
prepare DX microgels by click chemistry.

Conclusions

We have investigated PEG-based, soft, hydrogel microspheres
(microgels) and doubly crosslinked microgel networks (DX
microgel) as injectable materials. Microgels with diameters

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 Comparative evolution of G’ (in black) and gelation time
(in blue) with the TAD/Cp ratio.

from 12 to 90 um were synthesized by water in oil suspension
free-radical polymerization, followed by surface modification,
to introduce very reactive functionalities onto the microgel
surface with a tunable amount of clickable functions. The
detailed analysis not only allowed for qualitative characteriz-
ation but also for quantification of the Cp content on the
microgel surface. Subsequent secondary crosslinking of the
microgels with MDI-TAD resulted in macrogels with two levels
of cross-linking, i.e. one within the individual microgels and
the other one between the microgels. The click chemistry used
to form the second crosslink works as a very efficient way to
crosslink microgels and presents many advantages: easy hand-
ling, fast and no catalyst needed for the gelation reaction. The
mechanical properties were probed by dynamic rheology. The
storage modulus varied with the relative proportion cross-
linker/microgel functionality and can be tuned depending on
the crosslinker quantity with an improvement of a factor 4 for
a relative ratio TAD/Cp of 0.875. Adapted mechanical property,
biocompatibility and toxicity tests should be carried out for
potential applications in vivo. Mechanical property tuning will
be investigated in a forthcoming study by assessing the influ-
ence of different parameters such as the influence of direct
pressure on the materials, multiple applied pressures, particle
size, effect of mixing different particle sizes and crosslinking
density on the microgel level.

Experimental
Materials

Polyethylene glycol methyl ether methacrylate (PEGMA, M,:
500 g mol™"), glycidyl methacrylate (97%) and ethylene glycol
dimethacrylate (98%), N-(1-pyrene)maleimide, butyl acetate
(99.7%) and aluminium oxide basic were purchased from
Sigma Aldrich Fluka. All monomers were passed over basic
aluminum oxide before use. 4,4-Azobis(4-cyanovaleric acid)
(>98%) (ABCVA), Span 80, Tween 80, sodium cyclopentadienide
(2 M in THF), and ammonium chloride (>99.5%) were pur-
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chased from Sigma and were used as received. Cyclohexane,
hexane, tetrahydrofuran, ethanol, acetonitrile and hydrochloric
acid were purchased from VWR. Solvents were used as
received.

Preparation of PEG-co-GMA microgel

The PEG-co-GMA microgels were synthesized by suspension
polymerization with ABCVA as an initiator in a 500 mL round
bottom flask with temperature and stirring control. First,
monomers ((PEGMA, M,: 500 g mol™", 7 g, 0.014 mol), glycidyl
methacrylate (GMA, 900 mg, 6.3 mmol), ABCVA (250 mg,
0.89 mmol), ethylene glycol dimethacrylate (EGDMA, 420 mg,
2.12 mmol)) (molar ratio 0.7/0.3/0.05/0.1) were dissolved in a
mixture of 12 mL water/acetonitrile 5/1 (40% w/w) and the
solution was transferred into a separated flask containing
200 mL of cyclohexane containing the surfactant (mixture of
Span 80 and Tween 80 HLB: 5.9). The flask was degassed with
N, for 30 min. Polymerization was carried out at 70 °C under
stirring at 400 rpm for 6 h. The particle size is controlled by
the stirring speed. Microgels were dried after washing and
cleaning.

Preparation of Cp funtionalized PEG microgels

PEG microgels (3 g) were suspended in 200 mL of dry THF in a
round bottom flask and cooled in an ice-salt bath to —10 °C. A
solution of sodium cyclopentadienide in THF (2 M, 4.8 mL,
12 mmol) into 25 mL of dry THF was added dropwise to micro-
gels. After 1 h, the ice-salt bath was removed and the mixture
was lightly stirred for another 3 hours at ambient temperature.
The reaction was quenched by pouring the reaction mixture
into 200 mL of saturated NH,CI solution. Subsequently, the
microgels were filtered off and washed successively by 200 mL
of acetone, ethanol-water (1/1), 3% HCI in water, water, THF
and hexane. Microgels were kept in ethanol for better storage.

Derivatization for fluorescence microscopy

Cp-PEG microgels (50 mg) and N-pyrene maleimide (20 mg,
68 x 10~ mmol) were suspended in 2.5 mL of dry THF in a
flask and were stirred for 4 hours at 40 °C. The microgels were
washed thoroughly (3 x 25 mL of THF and 3 x 25 mL of
ethanol) to remove the physically absorbed pyrene moiety.

UV quantitative study

A fresh stock solution of 4-phenyl-1,2,4-triazoline-3,5-dione
(PTAD) (M,,: 175.14 g mol™", 4.35 mg into 5 mL, 0.497 M) in
butyl acetate was used as titration species. A calibration curve
was made using 5 different concentrations of PTAD solutions.
The following titration procedure was used: 100 uL of a sus-
pension of microgels were added into a vial with 2.4 mL of
butyl acetate. A defined volume of PTAD stock solution (50 pL)
was added into the vial and the mixture was stirred for
5 minutes. The solution was filtered on a micro-disk with a
pore size diameter of 0.5 um. The filtered solution was charac-
terized by UV to determine the remaining PTAD after reaction
with the cyclopentadienyl function onto the microgel surface.
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200 uL of butyl acetate and 400 mg of a suspension of swollen
microgels (12 g of swollen microgels + 3 mL of butyl acetate)
were added into a small vial. To the resulting microgel suspen-
sion, 33 pL (82 x 107° mole) of a stock solution of MDI-TAD
(4.5 mg into 5 mL) was added. The suspension was stirred to
promote homogeneity in the vial until the gelation occurred.

Equipment

Mechanical characterization by dynamic rheology. Dynamic
rheology measurements were performed using an Anton Paar
Physica MCR 310 Rheometer in oscillatory mode with a temp-
erature-controlled rheometer equipped with an environmental
chamber. A 20 mm diameter plate geometry was used.

UV spectrometer. UV measurements were performed on a
UV spectrometer Analytik-jena Specord 200.

Optical microscopy. Optical microscopy measurements were
performed on an Olympus Optical microscope with a Canon
camera.

Particles size measurements. Particle size measurements
were performed on a Beckman Coulter LS 200 particles sizer.

Fluorescence microscopy. Microgels were observed in epifluo-
rescence mode with an inverted Nikon Eclipse Ti-E motorized
microscope (Nikon, Japan) equipped with x10 Plan Apo (NA 1.45),
x40 Plan Apo (NA 1.45, oil immersion) and x60 Plan Apo (NA
1.45, oil immersion) objectives, two lasers (Ar-ion 488 nm; HeNe,
543, 543 nm) and a modulable diode (408 nm). Epifluorescence
images were captured with a Roper QuantEM:512SC EMCCD
camera (Photometrics, Tucson, AZ) using NIS Elements AR
(Nikon, Japan). To quantify the fluorescence signal, microgels
were observed in epifluorescence under similar conditions (objec-
tive, light intensity, gain, and camera frequency). The microbead
outline was automatically detected with the NIS element using a
mask obtained from a thresholded fluorescence image. The
microbead area, the raw integrated density and the mean gray
value were obtained for each microbead. In addition, five random
background regions were near each microbead to obtain a mean
gray value of the fluorescent background. The corrected microgel
fluorescence was calculated using the following relation: corrected
microgel fluorescence = raw integrated density — (microgel
section x mean fluorescence background).

SEM. DX microgel was imaged with a field emission gun
scanning electron microscope (FEG-SEM Hitachi SU8020).

Abbreviations

W/O Water in oil

TAD Triazolinedione

Cp Cyclopentadiene

GMA Glycidyl methacrylate

EGDMA  Ethylene glycol dimethacrylate

HDA Hetero-Diels alder

PEGMA  Polyethylene glycol methyl ether methacrylate

MDI-TAD 4,4'-(4,4-Diphenylmethylene)-bis-(1,2,4-triazoline-
3,5-dione)
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MG Microgel

ABCVA 4,4'-Azobis(4-cyanovaleric acid)
PTAD 4-Phenyl-1,2,4-triazoline-3,5-dione
G' Storage modulus

G" Loss modulus

THF Tetrahydrofuran
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