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ABSTRACT

Multi-responsive biocompatible microgels with long term stability were synthesized by
precipitation copolymerization of oligo(ethylene glycol) methyl ether methacrylate
(OEGMA), di(ethylene glycol) methyl ether methacrylate (MEO,MA), methacrylic acid
(MAA) and crosslinker in aqueous dispersed media. Different crosslinkers, i.e. ethylene
glycol dimethacrylate (EGDMA), oligo(ethylene glycol) diacrylate (OEGDA) or N,N-
methylenebisacrylamide (MBA) were used for the synthesis of the microgels. The present
work investigates for the first time how the inner structure of the biocompatible P(MEO,MA-
co-OEGMA-co-MAA) microgels impacts their swelling-to-collapse transition in response to
both temperature and pH. The EGDMA-crosslinked microgels obviously differ from the
OEGDA- and MBA-crosslinked microgels. The OEGDA-crosslinked P(MEO,MA-co-
OEGMA-co-MAA) microgels are ideal candidates to prepare robust thermoresponsive hybrid
magnetic microgels by a straightforward method involving simple loading of pre-formed
magnetic nanoparticles (NP) in the absence of NP release. The crosslinker distribution is at
the origin of differences in the distribution of iron oxide nanoparticles. The homogeneous
distribution of both MAA units and OEGDA crosslinker in the PIMEO,;MA-co-OEGMA-co-
MAA) microgels ensured a sharp VPTT of microgels over a wide range of pH (from pH 4 to
9) and the retention of the thermoresponsiveness of the corresponding hybrid microgels for

the different contents of magnetic nanoparticles (from 7 to 33 wt-% of y-Fe,Os; versus
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polymer). Turbidimetry measurements highlighted the unique stability of the hybrid microgels

over several hours even for the highest content of iron oxide nanoparticles.

Introduction

Dual stimuli-responsive microgels are micron or submicron crosslinked colloids that are
simultaneously sensitive to two external stimuli such as temperature, pH or ionic strength. '
The temperature-induced conformational change of the polymer chains®® involved in the
network confers to the microgels the property to undergo a thermoresponsive swelling-to-
collapse transition at the volume phase transition temperature (VPTT). The incorporation of a
functional co-monomer (carboxylic acid, amine) by random copolymerization provides
additional pH- or ionic strength sensitivity to the “smart” microgels.l’ ’ Stimuli-responsive

microgels are attractive materials for various fields of application such as drug delivery
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vectors, sensors design, or stabilizers of pickering emulsions.'” '® A fine tuning of
swelling and shrinkage is of great importance for controlling the final properties of these
materials. In addition, the incorporation of inorganic nanoparticles within stimuli-responsive
microgels is an interesting strategy to combine their inherent functionalities with those of the

19, 20

microgels. For instance, metallic, magnetic or semi-conductor nanoparticles are able to

induce respectively catalytic, magnetic and tunable optical properties to the microgels
dispersed in water.”' %

Up to now, a large number of studies devoted to the design of multi-responsive microgels
dealt with poly(N-isopropylacrylamide), a polymer exhibiting a VPTT at ~32 °C. It emerged
from these studies that the swelling properties of the PNiPAM-based microgels were strongly
dependent on their inner structure, given by the distribution of both the pH-responsive co-
monomer and the crosslinker within the microgel.** ** For instance, microgels with well-
separated carboxylic acid group showed intense pH-induced swelling while limited swelling
was reported with closed-pack distribution of carboxylic acid groups into the microgels.**
Densely core crosslinked microgels with dangling polymer chains or homogeneously
crosslinked PNIPAM-based microgels showed different thermoresponsive phase transition.**
3% However, the toxicity of the acrylamide monomers and the low level of biocompatibility of
PNiPAM might limit the use of such microgels for cosmetic or biomedical concerns.’'
Poly(N-vinylcaprolactam) (PVCL) microgels, exhibiting a VPTT of 32 — 36 °C, were reported
as biocompatible colloids to offer an alternative to PNiPAM for biomedical applications.3 233
Notice that the introduction of carboxylic acid-based co-monomer into PVCL microgels

requires specific attention due to the fact that VCL monomer is prone to hydrolysis under
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acidic conditions.”® In parallel, copolymers of oligo(ethylene glycol) methacrylates (OEGMA)

with different numbers of ethylene glycol units have received an increasing interest since

35-38 39-41

they gather biocompatibility with tunable and sharp volume phase transition. Few
studies have reported the synthesis of OEGMA-based thermoresponsive microgels, either to
produce colloidal crystals by self-assembly of the monodisperse microgels, or to design core-
shell microgels for drug uptake and release applications or to investigate the adsorption of
thermoresponsive microgels onto solid substrates.**

The present study will describe the synthesis of a series of multiresponsive carboxylic acid
functionalized P(MEO,MA-co-OEGMA-co-MAA) microgels in order to investigate the
relationship between the inner structure of such microgels and their swelling-to-collapse
transition in response to both pH and temperature stimuli. These microgels are of interest
from the biocompatibility of oligo(ethylene glycol) methacrylate based copolymers®>>* and of
oligo(methacrylic acid) residues (MAA copolymers were approved by Food and Drug
Administration for delayed drug release capsules or oral suspensions). Moreover, hybrid
thermoresponsive magnetic microgels will be prepared by loading an aqueous dispersion of
pre-formed maghemite nanoparticles (NPs) into the swollen carboxylic acid-functionalized
oligo(ethylene glycol)-based microgels. The method of post-loading a dispersion of NPs* has
been scarcely investigated in comparison with the in-situ synthesis of NPs by salt reduction
from the microsphere template.”"” ** This was mainly due to difficulties in achieving high
concentration of NPs while limiting their aggregation and release.”’ However, this method
deserved our attention as it represents an efficient way to prepare hybrid magnetic microgels
from two distinct aqueous dispersion of colloids and does not require the implementation of
chemical reaction involving a reductive agent inside the microgels. This strategy should ease
material handling for industrial sector.The present work reports that P(MEO,MA-co-
OEGMA-co-MAA) microgels offer the unique opportunity to quantitatively load high content
of pre-formed magnetic NPs (up to 33 wt-% vs. microgel). It will be shown that the structure
of the present microgels is a key to overcome for the first time the issue of nanoparticle
desorption previously encountered when loading pre-formed magnetic nanoparticles into
thermoresponsive microgels. Finally, the stability of both the PIMEO,MA-co-OEGMA-co-
MAA) microgels and the corresponding hybrid microgels will be thoroughly investigated by

turbidimetry measurements. .
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Experimental Part

Materials. Di(ethylene glycol) methyl ether methacrylate (MEO.MA 95%, Aldrich),
oligo(ethylene glycol) methyl ether methacrylate (OEGMA, monomethyl terminated with 8
EG repeat units, number average weight Mn = 475 g.mol™, Aldrich), methacrylic acid (MAA,
Aldrich), poly(ethylene glycol)diacrylate (OEGDA, number average weight Mn = 250
g.mol”, Aldrich), N,N-methylenebisacrylamide (MBA, Aldrich), (ethylene
glycol)dimethacrylate (EGDMA, Aldrich) and potassium persulfate (KPS 99%, ABCR) were
used as received for the synthesis of P(NIPAM-co-MAA) and P(IMEO,;MA-co-OEGMA-co-
MAA) microgels. Hydrochloric acid (HCI, 36%w/w, ABCR) and potassium hydroxide (KOH,
Aldrich) were used to monitor pH of solution. All water used in the synthesis and
characterization was purified using a Millipore Milli-Q system. Iron (II) chloride tetrahydrate
(FeCl,.4H,0, Aldrich), iron (III) chloride hexahydrate (FeCls.6H,O, 6H,0, Aldrich), ferric
nitrate (Fe(NOs)3, Aldrich), ammonium hydroxide (NH4OH, 28-30 %w/w, Aldrich), nitric
acid (HNOs, Aldrich) and hydrochloric acid (HCl, 36 wt-%, ABCR) were used for the
synthesis of maghemite nanoparticles without further purification (see Electronic Supporting
Information).

Synthesis of P(MEO;MA-co-OEGMA-co-MAA) microgels. P(IMEO;MA-co-OEGMA-co-
MAA) microgels were synthesized by precipitation copolymerization in aqueous dispersed
media. The microgels are prepared by precipitation copolymerization of di(ethylene glycol)
methyl ether methacrylate (MEO,MA), oligo(ethylene glycol) methyl ether methacrylate
(OEGMA) and methacrylic acid (MAA) in the presence of crosslinker (EGDMA, OEGDA or
MBA) and potassium persulfate (KPS) as initiator. All reactants are first soluble in water and
the polymer chains precipitate during the copolymerization to form crosslinked colloidal
particles stabilized by the anionic charges of the initiator. The initial solid content was set at
2.3 wt-% (+/- 0.2) for all synthesis performed. Crosslinker and initiator KPS were kept
constant at 1.92 mol-% and 0.86 mol-% versus the total number of moles of vinylic
molecules. Briefly, the MEO,MA, OEGMA (0.272 g, 0.573 mmol) and crosslinker (e.g.
OEGDA: 0.029 g, 0.117 mmol) were dissolved in 57.5 mL of water. The reaction mixture
was first introduced in a 250 mL 3-neck round-bottom flask equipped with a mechanical
stirrer (set at 30 rpm) and purged with nitrogen for 45 min at room temperature to remove
oxygen. A solution of MAA (0.026 g, 0.305 mmol dissolved in 2 mL of water) was then
introduced into the reaction media. The mixture was heated up to 70 °C for 30 min and KPS
solution (14.3 mg of KPS dissolved in 2.5 mL of degassed water) was introduced in order to

initiate the polymerization. The reaction mixture became turbid after few minutes and was
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maintained at 70 °C for 6 h to complete the reaction. Instantaneous conversions of MEO,MA,
OEGMA, MAA and crosslinkers were studied by NMR spectroscopy. Precipitation
polymerization of the PIMEO,MA-co-OEGMA-co-MAA) microgels was performed in water
and trioxane was used as internal standard. Samples were withdrawn at different time interval
diluted in deuterium oxide (D,0) to achieve a ratio 9:1 of H,O:D,O.

Monomer conversions were determined by equation (1) using the integration of monomer

vinyl protons and alkyl proton of internal standard (see Figure SI-1 in ESI):

[Mt =1- [Mt/[Trioxane]t =1- IM,Z'/ItrioXane,t
[MO [m 0/[Trioxane]0 IMU/ItrioXane,O

I v and I Tyjoxane are the proton integral values of monomer M and internal standard at initial

x =1- (D

time ty and sampling time t.

'H NMR (H,0:D,0 9:1, 400 MHz): MEO,MA: & (ppm): 1.85 (s, 3H, (C=C-CHj3)), 3.3 (s,
3H, O-CHj;), 3.54 (d, 2H, O-CH,-CH;-O-CH3), 3.64 (d, 2H, O-CH,-CH,-O-CHs), 3.74 (d,
2H, C=C-(0C)-0-CH,-CH;-0O-), 4.26 (d, 2H, C=C-(OC)-O-CH,-CH,-0O-), 5.65 (dd, 1H,
(H¢ranssHC=C(CH3)-C(=0)0-)), 6.1 (dd, 1H, (Hs-HC=CH(CHj3)-C(=0)0O-)). OEGMA (Mn
475): 8 (ppm): 1.85 (s, 3H, (C=C-CHs)), 3.3 (s, 3H, O-CH3), 3.54 (d, 2H, O-CH,-CH,-O-
CH3), 3.64 (d, 26-30H, O-CH,-CH,-O-CH3), 3.74 (d, 2H, C=C-(OC)-O-CH,-CH;-0O-), 4.26
(d, 2H, C=C-(OC)-O-CH;,-CH,-0O-), 5.65 (dd, 1H, (Hans-HC=C(CH3)-C(=0)0O-)), 6.1 (dd,
1H, (His-HC=C(CH3)-C(=0)0O-)), MAA: & (ppm): 1.81 (s, 3H, C=C-(CH3)). 5.55 (dd, 1H,
Hirans-HC=C(CHj3)-C(=0)OH)). 5.93 dd, 1H, Hs-HC=C(CH3)-C(=O)OH)), OEGDA (Mn
250): o (ppm): 3.64 (d, 16-12H, O-CH,-CH,-0O-), 3.74 (d, 4H, C=C-(OC)-O-CH,-CH;-0O-),
4.26 (d, 4H, C=C-(0OC)-O-CH;-CH;-0-), 5.92 (dd, 1H, (H¢ans-HC=CH-C(=0)0-)), 6.1 (dd,
1H, (H,C=CH-C(=0)0-)), 6.36 (dd, 1H, (H¢s-HC=CH-C(=0)0-)), EGDMA: § (ppm): 2.15
(s, 6H, (C=C-CHj3)), 4.25 (d, 4H, C=C-(OC)-O-CH,-CH,-O-), 5.65 (dd, 2H, (Hans-
HC=C(CHj3)-C(=0)0-)), 6.03 (dd, 2H, (Hs-HC=C(CH3)-C(=0)0O-)), MBA: § (ppm): 4.2 (s,
2H, NH-(CH3)-NH). 5.7 (dd, 2H, H(OC-)C=C-Hgs(-H)). 6.15 (dd, 2H, H(OC-)C=C-Hrans(-
H) / dd, 2H, H,C=C(-CO)-H), trioxane: d(ppm)= 5.1 (s, 3H, (O-CHy)).

The microgels were then purified by 5 centrifugation/redispersion cycles (10.000 rpm, 30
min) with milliQ grade water and finally stored at room temperature. The fraction of water-
soluble polymer (WSP) was determined by gravimetric analyses of the supernatant collected
during centrifugation of the microgel dispersion.

Synthesis of y-Fe;Q3;-P(MEQ;MA-co-OEGMA-co-MAA) hybrid microgels. The hybrid y-
Fe,03-P(MEO;MA-co-OEGMA-co-MAA) microgels were prepared by encapsulation of

cationic y-Fe,O; nanoparticle into the stimuli-responsive OEGMA-based microgels.”
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Typically, 40 mL of microgel dispersion at 1.45 gL' was introduced into a round bottom
flask and the pH was adjusted to 3.0 by addition of nitric acid solution (HNO; 0.1M). The
cationic maghemite nanoparticles dispersed in water were prepared from the Massart method
(see details in ESI).**° The cationic ferrofluid (10 mL at 1.34 g L") was added dropwise to
the aqueous microgel dispersion under continuous stirring at room temperature and was kept
overnight under stirring. The pH of the aqueous solution of microgels was then adjusted to 7.0
by addition of alkaline solution (KOH, 0.5M) in order to destabilize the magnetic
nanoparticles into the microgel structure while promoting the stability of the final hybrid
microgel by the potassium carboxylate functions. Finally the dispersion was purified by
5 centrifugation/redispersion (5.000 rpm, 10 min).

Carboxylic acid titration. Salt-free base-into-acid titrations were performed by coupling
conductometric and potentiometric techniques as previously described.”’ Samples were
prepared by suspending 50 mg of freeze-dried microgel in 30 mL of pure water and pH of
dispersion was adjusted below 3.0 with hydrochloric acid (HCI) 0.1 M solution in order to
fully protonate the carboxylic groups. A graphite electrode connected to a CDM230
conductivity meter (Radiometer Analytical, France) and SenTix 81 pH-electrode connected to
WTW pH3310 pH-meter (WTW GmbH, Germany) were used in the microgel dispersions
under continuous stirring. Then sodium hydroxide (NaOH) solution (1.5 mM) freshly
prepared were used. The degree of ionization at 20°C (onpec) and the apparent acid

dissociation constant (pK,) were calculated from titration data on the basis of equations 2 and

3.

_ [MA~Na*] _ Vnaonimm = Veqa
%20C T IMA-Na*] + [MAA] ~ V,py — V, (2)
eq2 eql
K, =pH —lo ( Fa0c )(3)
p a p g 1 _azooc

NMR. Proton nuclear magnetic resonance spectra were recorded using a Briiker 400 MHz
spectrometer at 25 °C.

DLS. The hydrodynamic diameters (D) were measured by Dynamic Light Scattering (DLS)
with a Vasco-2 Particle Size Analyzer from Cordouan Technologies (Pessac, France) working
at an angle of 135° and a wavelength of 658 nm. Autocorrelation functions were recorded
using a multi-acquisition mode and apparent diffusion coefficients were determined via the
Pade-Laplace inverse algorithm and the second-order cumulant methods of a large number of
measurements. Hydrodynamic diameter was calculated from the Stokes-Einstein equation

(Eq. (4)) and polydispersity index (PDI) is given by the cumulant analysis method.
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kyT

=— (4
6m.1.R), 2

V4

Where kg is the Boltzmann constant, 7 is the absolute temperature, n is the viscosity of the
medium, Rj, is the hydrodynamic radius, and D, is the apparent diffusion coefficient.

The final number of particles (V,) was calculated from equation (5). According to reference
52, an average content of 30 % of water content inside the microgel at collapsed was taken

into account.

(Tpolymer - WSP) +03 (Tpolymer - WSP)
-6 ppolymer ' PH20

P 3
. Dy,

(5)

Where 7 is the final solid content of the reaction media, WSP (in g.L'l) is the fraction of water
soluble polymer in the final dispersion, p,opmer (g.m™) is the density of the polymer. We
assumed the density of collapsed P(OEGMA-co-MEO;MA) similar to the one of a linear
poly(ethylene glycol) (pprg = 1.2 g.cm™).”> Dy, is the hydrodynamic diameter of aqueous
dispersed microgel measured at collapsed state and pH 3 (T = 60°C). For the measurement of
the Dy, profile versus temperature, the variation of the water viscosity with temperature was
considered and samples were left to equilibrate for 15 min before analysis.

Stability measurements. Stability of the microgel dispersions were measured with a
Turbiscan AGS equipped with near infra-red light source (Formulaction). Microgel
dispersions at 2.1 wt-% were introduced into cylindrical cell (Tube height, H= 37 £1 mm) in
which light transmission and backscattering of the microgel dispersions were measured at 30
°C along the tube by using a detection head. Data acquisitions were set every 12 hours and for
30 days at pH 6 for PIMEO;MA-co-OEGMA-co-MAA) microgels while data were recorded
every 2 hours for 7 days at pH 7 for the hybrid microgels. See ESI for further details of
measurements.

TEM. The microgels were characterized by transmission electron microscopy (TEM) in dried
state with a Philips CM12 using an accelerating voltage of 120 kV at room temperature. A
drop of the aqueous microgels suspension was placed on carbon-coated copper grid (Ted
Pella, for TEM), and dried under ambient conditions.

TGA. The y-Fe,Os nanoparticles content inside the hybrid microgels were determined by
thermogravimetric analyses performed on a TGA Q50, TA Instruments at a heating rate of
10°C.min"" under nitrogen.Results and discussion

Synthesis and colloidal features of P(MEO,MA-co-OEGMA-co-MAA) microgels.



Polymer Chemistry Page 8 of 31

The P(MEO;MA-co-OEGMA-co-MAA) microgels were synthesized by aqueous batch
precipitation copolymerization of di(ethylene glycol) methyl ether methacrylate (MEO,MA),
oligo(ethylene glycol) methyl ether methacrylate (OEGMA) and methacrylic acid (MAA) in
the presence of 1.9 wt-% of crosslinker. Different difunctional crosslinkers were used:
(ethylene glycol) dimethacrylate (EGDMA), oligo(ethylene glycol) diacrylate (OEGDA) or
N,N-methylenebisacrylamide (MBA). The polymerization was carried out at 70 °C and was
initiated by the addition of potassium persulfate (KPS) initiator. The experimental conditions

are summarized in Table 1.

Table 1: Synthesis and colloidal features of multiresponsive microgels carried out at

70°C."
Exp. [MEO;MAJ, [OEGMA], [MAA], [CL] CL WSP * g*;’)“;;% N, “
mmol.L”! mmol.L” mmol.L”"  mmol.L"’ wt% nm x10" L'
1 85.5 9.50 5.0 195 EGDMA 80 513 (0.060) 6
2 85.6 9.56 5.0 1.92 OEGDA 34 470 (0.025) 25
3 85.7 9.56 5.0 1.96 MBA 35 450 (0.199) 29

“ The initial OEGMA:MEO,;MA molar ratio is 10:90, the molar ratio of crosslinkers (CL) and initiator
(KPS) molar were set at respectively 1.92 mol-% and 0.86 mol-% over the total monomer content. The
initial solid content is 2.3 wt-% (+/-0.2). > WSP is the weight fraction of water-soluble polymer (in wt%)
versus weight of microgel. © Dy goec is the hydrodynamic diameter of the collapsed microgels measured at
at pH 3 and at 60 °C. PDI corresponds to the dispersity provided by DLS (dispersity below 0.1 indicates

monodisperse colloids). d N, is the number of particles calculated from equation 5.

The individual conversion of each vinylic group was monitored by 'H NMR spectroscopy

using trioxane as internal standard (Figure SI-1 in ESI).
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Figure 1. Vinylic group conversion conversion versus time of (¢) (MEO,MA and OEGMA),
(W) MAA and (e) crosslinker (a. EGDMA, b. OEGDA (M,, 250), c. MBA).

A fast consumption of EGDMA crosslinker was observed with a complete conversion reached
in less than 15 minutes whereas complete conversion of monomers was reached in only 6
hours (Figure 1.a). The high reactivity of EGDMA in precipitation copolymerization can be
ascribed to its higher hydrophobicity (value of limited water solubility = 5.4 mmol.L™),**

favoring its partition towards the hydrophobic nuclei in the early stage of polymerization
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(Figure 1a). On the other hand, a perfect overlay of the individual conversion of OEGDA,
OEGMA, MEO;MA and MAA shows a simultaneous consumption of the monofunctional
methacrylate monomers and the difunctional acrylate crosslinker during the microgel
synthesis (Figure 1b). The N, N-methylenebisacrylamide (MBA) crosslinker is consumed very
slowly in comparison with the methacrylic monomers with only half of the crosslinker
polymerized at complete monomer conversion (Figure 1c). For comparison, the synthesis of
P(NIPAM-co-MAA) microgels showed opposite behavior with a higher reactivity of MBA
providing microgels with densely crosslinked core and loosely crosslinked shell.?® *>°* The
variation of both the crosslinking density (Ap. = (Axcr[CL]o/Axm[M]o with p. the number of
polymerized (meth)acrylic groups of crosslinker by number of monomer units polymerized
into the microgel) and the average molar mass between crosslinks (M. - Moo/ Ape:) for a given
monomer conversion interval (Ax = xp - xp with x the conversion of vinylic group of
crosslinker or monomers in a time interval) are plotted versus the overall monomer

conversion (Figure 2 and Figure SI-2 in ESI).

0.4

0.35 A
0.3 4

0.25 4

Ap.

0.2 4

0.15 A

0.1 4

0.05 + % £

0 01 02 03 04 05 06 07 08 09 1
Conversion

Figure 2. Variation of crosslinking density plotted as a function of the overall monomer
conversion for different crosslinkers: (¢) EGDMA, (B) OEGDA, (A) MBA.

One can suggest a heterogeneous distribution of the EGDMA crosslinker within the
particle with the production of densely crosslinked core and very loosely crosslinked shell.
Indeed, Figure 2 suggests a sharp transition between high values of crosslinking density at the
early stage of polymerization towards very low values of Ap.. Above 35 % of conversion,
non-crosslinked chains (infinite M) are produced as the EGDMA crosslinker is entirely
polymerized (Figure SI-2). On the other hand, microgels with homogeneous network are

synthesized by using the OEGDA crosslinker with constant values of Ap, and M. (~ 10000

10
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g.mol™) along the polymerization (Figure 2 and Figure SI-2). The continuous slow
polymerization of MBA crosslinker (Figure 1) induces a slightly crosslinked network (M, ~
20000 — 120000 g.mol™) in the core of the microgel associated with a sharp increase of the
crosslinking density at monomer conversion above 85 % producing a more densely
crosslinked shell (M, < 1000 g.mol”, Figure SI-2).

In summary, the crosslinking distribution can be tuned by a suitable choose of the
crosslinker. Three types of PIMEO;MA-co-OEGMA -co-MAA) microgels with different inner
structures were synthesized, from homogenecously crosslinked microgels using OEGDA
crosslinker to microgels with densely-crosslinked core and loosely-crosslinked shell
microstructure using EGDMA crosslinker or microgels exhibiting slightly crosslinked

network with densely-crosslinked thin shell using MBA crosslinker (Scheme 1).

Crosslinker

Thermoresponsive Carboxylic acid
polymer

Scheme 1. Microstructures of P(MEO;MA-co-OEGMA-co-MAA) microgels synthesized
with (a) EGDMA, (b) OEGDA and (c) MBA. Homogeneous MAA distribution and different
crosslinking densities: (a) densely crosslinked core and loosely crosslinked shell, (b)
homogeneously crosslinked migrogels, (c) crosslinking enrichment in the shell with slightly

crosslinked core.

The monitoring of the individual conversions was also efficient to assess the distribution of
the methacrylic acid units within the microgels (Figure 1). Whatever the nature of the
crosslinker, a quasi-simultaneous consumption of methacrylic acid, OEGMA and MEO,MA
monomers was observed, suggesting a homogenous localization of the pH-sensitive monomer
within the microgel. The average (Fmaa) and instantaneous (Fyaanst) molar fractions of
MAA incorporated inside the polymer chains of the microgel were plotted versus the
monomer conversion to highlight the quasi-constant value of Fyaa along the polymerization

(see Figure SI-3 in ESI). In parallel, we investigated the polyelectrolyte properties of the

11
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PMAA units inside the microgels. The potentiometric titrations of the microgels in swollen
state enabled us to calculate the degree of ionization « (see equation 7) of the carboxylic acid

functions as a function of the pH value (Figure 3).

o [MA’NM] @
[MA Na']+[MAA]

The apparent acid dissociation constant (pK,) of the MAA units in the microgel was plotted as

a function of the degree of ionization according to equation 8.

pK, = pH —log(—2—) (®)
-«

1

0.8

@ 20°0)

7.5

71

6.7

AAADLDAAANDLALA AWy
pa 4088 A4AH

pK,

63 |

59

55 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
O 20°c)

Figure 3. (Top) Degree of ionization of MAA versus pH and (bottom) pKa values of
carboxylic acid group versus & for PIMEO,;MA-co-OEGMA-co-MAA) microgels
crosslinked with EGDMA (L], expt 2), OEGDA (A, expt 4) and MBA (O, expt 6) (T =25
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The present PIMEO;MA-co-OEGMA-co-MAA) microgels show a monotonous evolution of
the degree of ionization versus pH with a complete ionization reached at pH of 7.9 (Figure 3).
It is worth to note that carboxylic acid of the PIMEO,MA-co-OEGMA-co-MAA) microgels
exhibit higher values of the apparent acid dissociation constant at half-neutralization point
(K, =05 ~ 6.5 +/- 0.1, see Figure 3) in comparison with the linear PMAA homopolymer
(PKa a=05 ~ 4.6 — 5.3).%° Such increase is characteristic of the burial of the MAA groups inside
the constrained polymer network that weaken their acidity even at swollen state. A similar
effect was previously observed by Hoare et al.” for P(NiPAM-co-MAA) microgels showing
a pK,, o=05 value of 6.3-6.5. The profiles of pK, versus the degree of ionization are the most
relevant data to discriminate the distribution of the carboxylic acid groups within the
microgels (Figure 3). For the POIMEO,MA-co-OEGMA-co-MAA) microgels, the value of pK,
remains constant over the range of ionization degree (ApK, < 0.2), hence supporting the
homogeneous distribution of well-isolated carboxylic acid units from the outer to the inner
part of the PIMEO;MA-co-OEGMA-co-MAA) microgel. Indeed, the plateau is consistent
with the absence of “polyelectrolyte effect”, such effect corresponding to an increase of the
charges along a polyelectrolyte backbone increasing the excess free energy required to ionize
the adjacent groups.%’ 5 For comparison, the P(NIPAM-co-MAA) microgels exhibiting a
heterogeneous MAA distribution showed an intense deviation of the apparent pK, (ApK, ~
1.7 for A= 1) in relationship with “blocky” PMAA sequences.”® Even for P(NIPAM-co-AA)
microgels exhibiting a better distribution of carboxylic acid units or for P(INIPAM-co-MAA)
microgels synthesized by continuous feeding of MAA with controlled rate, an increase of pK,
value of 1.0 unit was still observed.”® ®' The quasi-constant value of pK, (ApK, < 0.2) in the
P(MEO;MA-co-OEGMA-co-MAA) microgels of the present work (Figure 3) corroborates
the homogeneous distribution of MAA units in the polymeric network suggested by the
monitoring of the individual conversions (Figure 1 and Figure SI-3). An accurate comparison
of the pKa versus the degree of ionization (Figure 3) reveals the network dependence of the
MAA ionization. Indeed, only the EGDMA-crosslinked microgels shows a slight increase of
pK, of 0.2 units which might translate the more difficult ionization of MAA inside the densely
crosslinked core.

The colloidal features of the final microgels, i.e. number of particles (V,) and particle
size distribution (PDI) are reported in Table 1. Attention was paid to evaluate the yield of

microgel formation by measuring the weight fraction of final non-crosslinked polymer, also
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named water-soluble polymer (WSP). As summarized in Table 1, the chemical nature of the
crosslinker influences concomitantly the fraction of water soluble polymer and the final
number of particles. The OEGDA- and MBA-crosslinked P(MEO;MA-co-OEGMA)
microgels display a lower fraction of water-soluble polymer (35 wt %) and a higher number
of particles (N, ~ 25 — 28 x 10'® particles.L™) than the EGDMA crosslinked P(MEO,MA-co-
OEGMA) microgels (80 wt% of WSP, N, ~ 6 x 10" particles.L™"). As depicted in Figure 1.a,
the EGDMA crosslinker being entirely polymerized for an overall monomer conversion
below 35 %, the further initiated polymer chains are non-crosslinked chains which are water
soluble at 20°C. On the other hand, the monomer polymerization and crosslinker consumption
occur concomitantly all along the polymerization for OEGDA and MBA crosslinkers (Figure
1.b-c) producing a lower fraction of WSP (Exp 2 and 3, Table 1). Concerning the number of
particles, the strong hydrophobicity of the EGDMA crosslinker together with its fast
incorporation might have weakened the stability of the nuclei. A coagulation during the
nucleation period decreases the number of particles of the dispersion (Expt 1 in Table 1).
Conversely, the nuclei formed by the growing oligo-radicals crosslinked with the more
hydrophilic OEGDA and MBA crosslinkers slowly polymerized are more stable. A higher
number of final microgel particles was achieved in relationship with a higher number of
nuclei (Expt 2 and 3 in Table 1). It can be noticed that the dispersions of P(MEO,MA-co-
OEGMA-co-MAA) microgels exhibit a narrow particle size distribution (PDI < 0.1) which is
the sign of a short nucleation period and the absence of secondary nucleation.

In summary of this first part, we highlighted that EGDMA crosslinker noticeably
influenced the nucleation period to produce dispersions with lower number of microgel
particles in comparison with OEGDA- and MBA-crosslinked P(MEO;MA-co-OEGMA-co-
MAA) microgels. It was concluded from titration and kinetic data to a homogeneous
distribution of well-isolated MAA units. On the basis of the discrepancy in the reactivity of
the three crosslinkers, different inner structures of the colloidal networks were suggested as

displayed in scheme 1.

Swelling-to-collapse  transition of multi-responsive P(MEO;MA-co-OEGMA-co-MAA)
microgels.

This part will be devoted to the investigation of the volume phase transition of the different
microgels in response to both temperature and pH. The thermoresponsive behavior of the
OEGDA-crosslinked P(IMEO;MA-co-OEGMA-co-MAA) microgels (Exp. 2 in Table 1) was
investigated by dynamic light scattering to plot the evolution of the hydrodynamic diameter
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Page 14 of 31



Page 15 of 31

Polymer Chemistry

(Dn) of microgels as a function of temperature at different pH values (Figure 4). In order to
scan a degree of ionization from 0 (fully protonated MAA units) to 1 (fully ionized MAA
units), the pH of the aqueous dispersion was tuned from 3 to 9, by addition of either

hydrochloric acid or potassium hydroxide from the initial dispersion recovered at pH 6.0 after

polymerization.
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Figure 4. Hydrodynamic diameter Dy (nm) of OEGDA-crosslinked P(MEO;MA-co-
OEGMA-co-MAA) microgels versus temperature for different pH values.

The profile of the hydrodynamic diameter (Dy) versus temperature confirms the
thermoresponsive behavior of the P(MEO;MA-co-OEGMA-co-MAA) microgels with their
ability to collapse with increasing temperature (Figure 4). The biocompatible OEGDA-
crosslinked microgels proved to be concomitantly pH-responsive as the volume phase
transition temperature (VPTT) is shifted to higher values by rising the pH of solution
(VPTTph 45 = 34 °C and VPTT,n 7= 52 °C VPTT p4 9 = 54 °C, Figure 4). Such increase of
VPTT with pH is assigned to an increase of the degree of ionization of methacrylic acid from
a=0atpH 4.5 to a =1 at pH 9, which counterbalances the polymer collapse. It is worth to
note that even if the VPTT is shifted to higher temperature, the transition profile of the
homogeneously OEGDA-crosslinked microgels remained sharp at any pH (AT= 6 - 8 °C,
Figure 4). The fast response of the present OEGDA-crosslinked PIMEO,;MA-co-OEGMA-co-
MAA) microgels with temperature at different pH values highlights the homogeneous
environment of the ethylene glycol side-chains, the latter exhibiting a rapid conformational

change near the VPTT. It can be noticed that this trend was not observed for PNIPAM-based
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or PVCL-based multiresponsive microgels. For these later microgels, the ionization of COOH
groups strongly influenced the conformational change of the polymer, which resulted in a
broadening of the phase transition temperature.'” *> ® In the case of EGDMA-crosslinked
P(MEO;MA-co-OEGMA-co-MAA) microgels, the broadening of the temperature-induced
transition (ATpy 45 = 10 °C, ATy 60 = 20 °C, Figure SI-4) reveals the impact of the
heterogeneous network on the conformation change.

The most relevant behavior of the biocompatible P(IMEO;MA-co-OEGMA-co-MAA)
microgels is their unique dual pH and temperature responsiveness. Indeed, among the sharp
temperature-induced swelling-to-collapse volume phase transition observed at different pH,
the P(IMEO;MA-co-OEGMA-co-MAA) microgels also proved to be highly pH-dependent
with an obvious increase of the hydrodynamic diameter by increasing pH (Figure 5). Raising
the pH value from 3 to 9 induces a swelling of the P(MEO;MA-co-OEGMA-co-MAA)
microgels with a transition observed between pH 5.5 to pH 6.0. It can be emphasized that
such pH-induced transition is present at both swollen state (T = 20°C) and collapsed state (T =
60 °C) while preserving with the ability to undergo a thermoresponsive swelling-to-collapse

transition in a wide range of pH with a superior value of Dy, at 20 °C (Figure 5).
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Figure 5. Hydrodynamic diameter Dy, (nm) versus pH at 20°C (red line) and 60°C (blue line)
of PAIMEO,MA-co-OEGMA-co-MAA) microgels crosslinked with (a) OEGDA, (b) MBA and
(c) EGDMA.

The present study highlights a clear difference in the swelling behavior between the
P(MEO;MA-co-OEGMA-co-MAA) microgels and P(NIPAM-co-MAA) microgels. While a
sharp increase of the hydrodynamic diameter upon complete ionization of COOH units was
observed for PAIMEO,MA-co-OEGMA-co-MAA) microgels (Figure 5), a constant value of Dy
was recovered for P(NIPAM-co-MAA) microgels in the same range of pH (Figure SI-5 in
ESI). These results highlight the crucial role of the homogeneous distribution of COOH
within the PIMEO,;MA-co-OEGMA-co-MAA) microgels. On the basis of the Flory-Rehner
theory, the swelling equilibrium of a gel is reached when the total osmotic pressure tends to
zero.®  The osmotic pressure is the sum of mixing, elastic and ionic contributions. The
ionization of carboxylic acid units tends to increase the internal osmotic pressure of the gel

through electrostatic repulsions and counter-ions mobility, leading to additional swelling of
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the gel. ® The low swelling ability of the P(NIPAM-co-MAA) microgels upon ionization of
COOH units was ascribed to the closed-pack distribution of MAA units into PMAA-rich
blocky sequences.”® Thus, the elastic force of the rigid ionized PMAA-rich sequences
couterbalances the ionic contribution, hence inhibiting the microgel swelling.

The profiles of Dy versus pH depicted in Figure 5 suggest an influence of the network
density on the pH-responsive behavior of the P(MEO,MA-co-OEGMA-co-MAA) microgels.
At collapsed state (T = 60 °C), the sharp increase of Dy versus pH is shifted from c.a. pH 5.4
(Figure 5a) for the homogeneously OEGDA crosslinked microgels to pH 6.1 (Figure 5c) for
the EGDMA-crosslinked microgels exhibiting heterogeneities in the network with densely
crosslinked core and loosely crosslinked shell (Scheme 1 and Figure 2). As recently predicted
theoretically,66 such pH shift can be ascribed to the hindering of the ionization of the charged
monomer by a higher local polymer concentration. The collapse of the loosely crosslinked
chains together with the higher crosslinking density of the core can be at the origin of a higher
local polymer concentration in EGDMA crosslinked microgels at 60°C in comparison with

the homogeneously crosslinked OEGDA-based microgels .

The dual stimuli-responsive behavior of the P(MEO;MA-co-OEGMA-co-MAA) microgels
can be rationalized by the calculation of the pH-induced swelling ratio (®pn= (D, pn 8)°/(Dy, pH
s)’) given at different temperatures and by the temperature-induced swelling ratio
(®ro= (D, 20°c)3 /(Dp, 60°C)3) provided at different pH values. The values of @,y are gathered in
Table 2 and compared with data obtained from literature for PNiPAM-based microgels with
pseudo-homogeneous  (P(NiPAM-co-AA)) or heterogeneous (P(NiPAM-co-MAA))

distribution of carboxylic acid units.

Table 2. pH- and temperature induced swelling ratio (®) of microgels.

Exp. Structure Crosslinker Do
20°C 60°C
1 P(MEO,MA-co-OEGMA-co-MAA) OEGDA 7.9 6.9
2 P(MEO,MA-co-OEGMA-co-MAA) MBA 6.2 6.9

3 P(MMEO;MA-co-OEGMA-co-MAA) EGDMA 16.8 18.2

a P(NIPAM-co-AA) MBA 3.5 1.5
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a P(NIPAM-co-MAA) MBA 2.3 1.3

“ From reference Hoare et al.”® ((MAA], corresponded to 6.1 mol-% of MAA units into the
PNIPAM-based microgels and @, were calculated at 25°C and 70°C).

Among the different microgels, the EGDMA-crosslinked P(MEO;MA-co-OEGMA-co-MAA)
microgels with dense core morphology and loosely crosslinked shell exhibit the highest pH-
induced swelling ratio at both swollen and collapsed state (Exp. 3 in Table 2, ®py ~ 17).
Previous studies performed with MBA-crosslinked PNIPAM microgels exhibiting dense core
and loosely-crosslinked shell showed that the high swelling ability of such microgels was
mainly driven by the flexible chains of the loosely crosslinked shell.’® On the other hand, the
thin densely crosslinked shell of the MBA-crosslinked P(MEO,;MA-co-OEGMA-co-MAA)
microgels slightly reduces the pH-induced swelling ability at 20 °C (@pn, 200c = 6.2) in
comparison with the homogeneously OEGDA crosslinked microgels (@pn, 200c = 7.9). The
values of the pH-induced swelling ratio of the three types of the PIMEO,MA-co-OEGMA-co-
MAA) microgels measured at both swollen (T = 20 °C) and collapsed state (T = 60 °C) are
obviously higher by a factor of 2 to 13 than the ones reported in the literature for PNiPAM
based microgels (see Table 2).%°

The temperature-induced swelling ratio (@10) of the P(MEO;MA-co-OEGMA-co-MAA)
microgels was plotted as a function of pH as displayed in Figure 6. The variation of @1 as a
function of pH shows two distinguished intervals. Interval (I) corresponds to an increase of
the temperature-induced swelling ratio (@r-), indicating the range of optimum degree of
ionization of MAA (0 < a < 0.25) to promote the most intense volume phase transition in
response to temperature while keeping the colloidal stability. Interval (II) shows a decrease of
@1o by raising pH above pH 6 corresponding to a degree of ionization of MAA above 0.25.
The progressive ionization of methacrylic acid into potassium carboxylate groups affords
additional electrostatic repulsions which inhibit the shrinking of the network by increasing the

microgel osmotic pressure.
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Figure 6. Temperature-induced swelling ratio (@1-) as a function of pH for PIMEO,MA-co-
OEGMA-co-MAA) microgels crosslinked with OEGDA (A), MBA (®) or EGDMA (W).

The EGDMA-crosslinked microgels exhibit a slightly different profile in comparison with the
OEGDA or MBA-crosslinked microgels. Like for @y, the highest value of the maximum ®re
was observed for the EGDMA-crosslinked microgels (Figure 6). It should be noticed that
stable dispersions of OEGDA- and MBA-crosslinked microgels are systematically recovered
over the studied pH range (3 < pH < 9) while a macroscopic flocculation was observed at pH
3 for the EGDMA-crosslinked P(MEO;MA-co-OEGMA-co-MAA) microgels. The inter-
particle potential is a balance between interactions arising from Van der Waals forces and
long-range repulsive interactions caused by electrostatics. For a degree of ionization equal to
zero (pH < 4.8), the decrease of pH value induces a progressive increase of salt concentration
([HCI]pu3 = 0.2 mmol.L™"). At pH 3, the interactions between the loosely crosslinked chains in
EGDMA-crosslinked P(MEO;MA-co-OEGMA-co-MAA) microgels predominate while
electrostatic repulsions of the initiator charges of the OEGDA- and MBA-crosslinked
microgels are high enough to ensure stabilization of the hydrophobic microgels at pH 3 (cimaa
=0).

In summary of this part, we highlighted that the homogeneous distribution of the carboxylic
acid groups within the PIMEO;MA-co-OEGMA-co-MAA) microgels is a critical parameter
to promote a sharp collapse-to-swelling transition in response to both temperature and pH
stimuli. The internal microgel structure, in terms of network homogeneity, drives the dual
temperature and pH-responsive properties of the P(MEO;MA-co-OEGMA-co-MAA)
microgels. Indeed, the loosely crosslinked chains in the shell of EGDMA-based microgels

made of densely crosslinked core led to the highest values of pH- and temperature-induced
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swelling ratios but conferred instability in the presence of HCI salt. The OEGDA-crosslinked
microgels formed by a homogeneous network remain stable in the presence of HCI salt and
exhibit a temperature-induced swelling-to-collapse volume phase transition for pH values

ranging from 3 to 9.

Synthesis of thermoresponsive hybrid y-Fe;O3; P(MEO,MA-co-OEGMA-co-MAA)) microgels:
relationship between inner structure of microgels and loading of iron oxide nanoparticles.

On the basis of our preliminary work,”” we showed that The stable colloidal magnetic
nanoparticles dispersed in water, also called ferrofluid (D, ~ 18 nm, see Figure SI-6 in ESI),

were synthesized by the procedure previously described by Massart et al.* >

. The recipe
relies on the first synthesis of Fe;O4 magnetite nanoparticles by co-precipitation of iron salts
in water, followed by the oxidation of Fe;O4 magnetite with nitric acid into y-Fe,Os
maghemite. The stabilization of the dispersion of maghemite NPs in water is ensured by
electrostatic repulsions of positively charged hydroxyl groups (OH,") and non-flocculating
nitrate counter-ions (NOs’) on nanoparticles surface. The preparation of the hybrid microgels
is based on a straightforward two steps strategy. The first step consists in the incorporation of
an aqueous dispersion of stable pre-formed iron oxide nanoparticles, which is driven by polar
interactions between carboxylic acid units of microgels and the cationic magnetic NPs at pH
3. The second step relies on the destabilization of the magnetic NPs inside the microgel by
adjusting pH above the isoelectric point of the NP surface.”® At pH 7.0, corresponding to the
point of zero charge of the maghemite NPs, the neutral magnetic NPs are preferentially
maintained inside the microgel network which are themselves stabilized by the potassium
carboxylate functions and the persulfate groups (degree of ionization of COOH = 75-80 %,
Figure 3).

The importance of the presence of MAA comonomer in the encapsulation of the NPs into the
microgels was first investigated. For all systems used, the carboxylic acid-based comonomer
distributed in the entire volume of the microgel plays a crucial role to promote interaction
between microgels and magnetic NPs and to ensure the stability of the final hybrid microgels.
Indeed, when using MAA-free microgels, NPs were expelled outside along with microgel
flocculation (See Figure SI-7 in ESI). On the other hand, the strategy of NP encapsulation by
polar interactions into the P(MEO,MA-co-OEGMA-co-MAA) microgels offers the unique
opportunity to load high content of pre-formed magnetic NPs (up to 33 wt-% vs. microgel) in
quantitative manner (see Table SI-1 and Figure SI-8 in ESI). It is interesting to note that the y-

Fe;03-P(MEO;MA-co-OEGMA-co-MAA) hybrid microgels still exhibit a thermoresponsive
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swelling-to-collapse transition even for the highest content of magnetic NPs (33 wt-%). A
constant value of VPTT of 35-40 °C was observed for 7.5 to 33 wt-% of NP content (see

Figure 7).
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Figure 7. Hydrodynamic diameter (at pH 7) versus temperature of OEGDA-crosslinked
P(MEO;MA-co-OEGMA-co-MAA) hybrid microgels loaded with differentweight fraction of
v-Fe;O; : (@) 7 wt-%, (M) 16 wt-%, () 33 wt-% vs. polymer.

The series of 7v-Fe;03/P(MEO;MA-co-OEGMA-co-MAA) microgels, crosslinked with
different crosslinkers and initial weight fractions of magnetic NPs ([ge2030), was
characterized by transmission electron microscopy (TEM) in dry state (Figure 8). The
spherical shape of the initial PIMEO,MA-co-OEGMA-co-MAA) microgels (I're2030 = 0 wt-
%) is maintained for the hybrid microgels. Unlike the example of itaconic acid-functionalized
PNiPAM microgels showing extensive desorption of pre-formed magnetic NPs during the
uptake step,”’ the present oligo(ethylene glycol)-based hybrid microgels do not exhibit any
release of NP (Figure 8).
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Figure 8. Transmission electron micrographs of P(MEO;MA-co-OEGMA-co-MAA)
microgels and y-Fe,O3-P(MEO;MA-co-OEGMA-co-MAA) hybrid microgels crosslinked
with EGDMA, OEGDA or MBA. I'ke03 is the initial weight content of NPs added into the

microgel dispersion relative to the polymer weight.

TEM images of the hybrid v-Fe,O3-P(MEO;MA-co-OEGMA-co-MAA) microgels
crosslinked by OEGDA and MBA indicate that the average size of iron oxide nanoparticles is
in the range of 10-20 nm and the increase of the nanoparticle loaded in the microgel does not
lead to the increase of aggregation (Figure 8). While the inorganic nanoparticles are
homogeneously distributed for OEGDA and MBA-crosslinked microgels, a preferential
localization of the magnetic NPs at the periphery of the microgels is observed for the
EGDMA-crosslinked P(MEO,;MA-co-OEGMA-co-MAA) (Figure 8). It can be suggested that
the densely crosslinked core of the EGDMA-crosslinked microgel limits the encapsulation of
the NPs inside the core. Previous studies reported an increase of the VPTT or even its
disappearance with increasing the magnetic nanoparticle content for PNIPAM- or PVCL-
based composite microgels exhibiting a heterogeneous distribution of magnetic
nanoparticles.”" ® Pre-dominant inter-nanoparticle interactions were suggested to hamper the

conformational transition of polymer segments.”" ® In the present case, the presence of a
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VPTT whatever the NP content in the OEGDA-crosslinked y-Fe,O3;-P(MEO,MA-co-
OEGMA-co-MAA) hybrid microgels (Figure 7) is consistent with a rather homogeneous
distribution of the nanoparticles in the volume of microgels. Finally, it should be noticed that
in the case of MAA-free PIMEO,MA-co-OEGMA) microgels, the inorganic nanoparticles
were obviously expelled outside the microgels (Figure SI-7 of in ESI). This supports the
crucial role of the carboxylic acid functions for a successful loading of the preformed

nanoparticles.

Colloidal stability of microgels

The stability of aqueous colloidal dispersion being an important criterion for their further use
in cosmetic formulations for instance, the colloidal stability of the multi-responsive
P(MEO;MA-co-OEGMA-co-MAA) microgels and of their hybrid homologues was
investigated by turbidimetry analyses. The principles of measurements and additional
experimental results are reported in more details in Supporting Information (see Figure SI-9).
The relative light transmission (AT = Ty - Ty) and of the relative light backscattering (AR = R,
- Rp) were scanned along the entire height of the tube containing microgel dispersion at a
solid content of 2.1 wt-% at different short-time intervals during several days.”””> This
technique is relevant to give an insight into the clarification, flocculation and sedimentation
rates (50 times earlier than the naked eye). "°"* Figure 9 shows the evolution AT at the top of
the tube, characteristic of the clear layer formed by the clarification process. First, a long term
stability of the OEGDA-crosslinked P(MEO;MA-co-OEGMA-co-MAA) microgels was
observed as none loss of transmission was observed for 100 hours and the plateau of AT
reached only after 300 h (Figure 9). Moreover, a constant value of backscattering intensity
close to zero was observed in the middle zone and the formation of the sedimentation layer
was accordingly very long (Figure SI-10 and Figure SI-11 in ESI). Such trend is the sign of a
sedimentation phenomenon occurring by migration of individual particles in the absence of

flocculation occurring by aggregation.”
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Figure 9. Relative transmission intensity AT (in %) at the top of the tube (H=35.6 mm + 1.0)
as a function of time for OEGDA-crosslinked P(IMEO;MA-co-OEGMA-co-MAA) microgels
(top, 0 wt-% of NP, @) and for y-Fe;O3-P(MEO,;MA-co-OEGMA-co-MAA) hybrid
microgels (bottom, 0 (@), 7.5 (x), 16 (&), 33 (H) wt-% of NP) as a function of time (solid

content 7 = 2.1 wt-%)).

The content of magnetic iron oxide nanoparticles predominantly impacts the colloidal stability
of the hybrid microgels as displayed in Figure 9. The clarification rate of the microgels loaded
with 7.5 wt-% of NPs is close to the one of the initial microgels free of NPs while a sharp
increase of the clarification rate is observed for NP content of 16 to 33 wt-% (Figure 9). The
higher values of the sedimentation rate in comparison with the clarification rate (factor of 10
to 100, see Table SI-2 in ESI) and the decrease of the relative backscattering intensity in the
middle of the tube both reveal that the migration of the hybrid microgels is governed by

concomitant sedimentation/flocculation phenomena. According to the Stokes’ law of
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sedimentation, the migration rate (v) of dispersed colloids should increase with the difference
of density between the colloids and the continuous phase (see equation 9 with g the
gravitational acceleration (m.s'z), Phybrid microgel AN Pyater TESpectively the mass density (in
kg.m>) of the hybrid microgel and water, Dy, the hydrodynamic diameter of the hybrid
microgel measured at 30°C (m) and 7 the dynamic viscosity of the dispersed medium (kg.m"

Lshy).

2
Dh g(pswollen hybrid microgel - pwater,30 ° C)
v= 18, 9

Herein, the migration rate was calculated from the clarification height vs time (Figure SI-13 in
ESI) and the mass density of the hybrid microgels was calculated on the basis of the weight
fraction of inorganic nanoparticles (see Table SI-3 in ESI). A linear evolution of the migration
rate of the present y-Fe;O3-P(MEO;MA-co-OEGMA-co-MAA) hybrid microgels with the

density of hybrid microgels confirms the Stokes’ law of sedimentation (Figure 10).
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Figure 10. Migration velocity as a function of [phybrid microgel — Pwater] Of hybrid
v-Fe;03-P(MEO;MA-co-OEGMA-co-MAA) microgels with NP content ranging from 0 to 33

wt-%.

It is worth to note that the present y-Fe,O3-P(MEO;MA-co-OEGMA-co-MAA) hybrid
microgels still exhibit interesting colloidal features in comparison with the hybrid PNIPAM-
based microgels. Indeed, previous works on PNIPAM-based microgel encapsulated with
titanium oxide (TiO,) for instance demonstrated the fast sedimentation of the hybrid microgel
in less than 5 min with 25 wt-% of NP loading.”* Other studies pointed out the immediate loss

of colloidal stability following the encapsulation of various inorganic nanoparticles in
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PNIPAM-based,” "> and PVCL-based’® "’ microgels. They ascribed such loss of colloidal
stability to an increase of density related to the encapsulation of the inorganic NPs. In the
present work, the increase of the y-Fe,O; content in P(MEO;MA-co-OEGMA-co-MAA)
microgel increases the sedimentation and clarification rates but stability is still maintained for

more than 50 hours.

CONCLUSIONS

In conclusion, the present work reported the synthesis of poly(di(ethylene glycol) methyl
ether methacrylate-co-oligo(ethylene glycol) methyl ether methacrylate-co-methacrylic acid)
(P(MEO;MA-co-OEGMA-co-MAA)) microgels by one-pot precipitation polymerization
carried out in aqueous dispersed media. The relationship between the inner structure of the
different microgels on their multi-responsive behavior was investigated. The pH- or
temperature-induced swelling ratio of the P(MEO,;MA-co-OEGMA-co-MAA) microgels can
be tuned by the crosslinking density, which depends on the chemical nature of the crosslinker
(EGDMA, OEGDA or MBA). The highest pH-induced swelling ratio (®@,y ~ 17) was
observed for the EGDMA-crosslinked microgels exhibiting densely crosslinked core and
loosely crosslinked shell. Such high swelling ratio is ascribed to the higher conformation
change ability of the very loosely crosslinked high molar mass polymer chains of the microgel
shell. Both the monitoring of the individual co-monomer conversion and the absence of
polyelectrolyte effect on the ionization of PMAA units converge to show the homogeneous
distribution of the MAA units within the microgels whatever the nature of the crosslinker. It
should be noticed that such microstructure offers the opportunity to maintain the pH-induced
swelling behavior of microgels at both swollen and collapsed state (T =20 °C and 60°C) with
a sharp increase of their hydrodynamic diameter by increasing pH. The volume phase
transition temperature of the P(IMEO,MA-co-OEGMA-co-MAA) microgels shifted from 34
°C for protonated carboxylic acid functions to 55 °C for a complete ionization of MAA units.
An unprecedented narrow swelling-to-collapse transition was observed in the entire pH range
(from pH 3 to pH 9) for OEGDA-crosslinked P(IMEO,MA-co-OEGMA-co-MAA) microgels
while broadening of the temperature-induced transition was systematically observed with
ionization of PNiPAM-based microgels. The evolution of light transmission and
backscattering with time highlighted a long term stability for the P(IMEO;MA-co-OEGMA-
co-MAA) microgels free of nanoparticles. These oligo(ethylene glycol) based microgels

proved to be ideal candidates to synthesize hybrid magnetic microgels by a straightforward
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method based on the polar interaction-driven loading of pre-formed iron oxide maghemite
nanoparticles (NP) in the absence of any NP release. Interestingly, the hybrid microgels
loaded with up to 33 wt-% of nanoparticles retain a volume phase transition temperature at
35-40 °C, which supports a homogeneous distribution of the magnetic nanoparticles inside the
volume of the microgel. A unique stability of the hybrid microgels was observed over more
than 50 hours with a linear variation of the migration rate versus the density of the hybrid
microgels according to the Stokes’ law. The microgel stability associated with their dual
stimuli-responsive behavior of the biocompatible oligo(ethylene glycol)-based microgels open
interesting perspectives for different fields of applications such as smart delivery systems of

active molecules.
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