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This paper reports a rational strategy for pregpsimart oligo(ethylene glycol)-based hybrid
microgels loaded with high content of homogeneoudilstributed pre-formed magnetic

nanoparticles (up to 33 wt-%). The strategy is base the synthesis of the biocompatible
multiresponsive microgels by precipitation copolympation of di(ethylene glycol) methyl

ether methacrylate, oligo(ethylene glycol) methifiee methacrylate, methacrylic acid and
oligo(ethylene glycol)diacrylate. An aqueous disjan of pre-formed magnetic nanoparticles
(NPs) is straightforwardly loaded into the micrageWe produced robust monodisperse
thermoresponsive magnetic microgels exhibiting astant value of the volume phase
transition temperature whatever the NPs conteneé Abmogeneous microstructure of the
initial stimuli-responsive biocompatible microgglsys a crucial role for the design of unique

well-defined ethylene glycol-based thermoresponkig&id microgels.
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1. Introduction

“Smart” stimuli-responsive microgels dispersed queous media are fascinating crosslinked
polymeric colloids which undergo a volume phasedit#on in response to different external
stimuli!*! Thermoresponsive microgels are attractive matefél different emerging fieldd.
Due to their propensity to uptake and release acspecies, they proved to be suitable
candidates for biomedicalpplicationd® Their unique properties were also exploited in the
field of materials to develop photonic crystdlsstabilizers of pickering emulsiofis or
responsive C@absorbent®! Hybrid microgels composed of inorganic nanopatic{NPs)
widen the microgel properties by combining the rgkirig properties of the polymer network
with the intrinsic properties of the inorganic NfPsagnetic, optical or catalytic properties).
Promising materials were prepared on the basi®ierioresponsive microgels loaded with
iron oxidel” gold® silvef® or quantum dot NP&! So far, the most studied hybrid
microgels are based on poly(N-isopropylacrylamitRNiPAM)*? and a few example on
poly(N-vinylcaprolactam) (PVCLY" %d Nevertheless the potential toxicity of the acryidea
based microgels might limit their application rafigeRecently, there has been a growing
interest for copolymers based on oligo(ethyleneglymethacrylates as suitable alternatives
for the design of thermoresponsive polym&sThese copolymers exhibit relevant features
such as enhanced biocompatibility, tunable andpskransition temperature. Whilst these
thermoresponsive linear copolymers have been widelgstigated for different purposes
since 20062 their microgel analogues have been scarcely figated™® and no attention
was paid to the preparation of oligo(ethylene glyenethacrylate-based hybrid microgels.
The present workreports thesynthesis and characterization of oligo(ethylengcal)
methacrylate-based magnetic thermoresponsive hytigrbgels. It should be mentioned that
two different procedures have been proposed inliteature for the synthesis of hybrid
microgels in aqueous dispersed media. The firstiof@ased on the in-situ synthesis of NPs

from the microsphere template while the second amesists in inserting the pre-formed
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nanoparticles into the interior of the microgel.eBvhough the first method has been widely
investigated’® "“the second one has been less explored due touttific in achieving high
concentration of NPs while limiting their aggregatiand releasé? Nevertheless, this
method deserves our attention as it representsradee efficient way to preliminarily control
the colloidal features of each separate partictttarease material handling. Herein, we aim
to address these issues by showing that multi-resp® methacrylic acid functionalized
oligo(ethylene glycol) methacrylate-based microgeisth fine tuned homogeneous
microstructure can be relevant candidates to desigble monodisperse thermoresponsive
hybrid microgels loaded with a high concentratidrpie-formed magnetic NPs via a simple

method.

2. Results and Discussion

The microgels are synthesized by surfactant-freecipitation polymerization in an
environmentally friendly aqueous continuous phas® (details in Supporting Information).
The overlay of the individual conversions of thenomers (di(ethylene glycol) methyl ether
methacrylate (MEE@MA), oligo(ethylene glycol) methyl ether methactdg OEGMA) and
methacrylic acid (MAA)) and the oligo(ethylene gy diacrylate (OEGDA) crosslinker
indicates a homogeneous distribution of all unithiw the microgel (Figure S3, Supporting
Information). It is interesting to note that thdueof the apparent acid dissociation constant
pKa of the P(MEGQMA-co-OEGMA-co-MAA) microgels exhibits a constant value as a
function of the degree of ionizatianof MAA (seeFigure S6in Supporting Information and
equations (1) and (2)).

L= [MA'Na'l
[MA™Na"] +[MAA]

(1)

pK, = pH —Iog(%) (2)



The plateau is consistent with the absencehefolyelectrolyte effect® hence supporting
the homogeneous distribution isblatedcarboxylic acid units from the outer to the inoér

the P(MEGQMA- co-OEGMA-co-MAA) microgel.
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Figure 1. (a) Hydrodynamic diameter of P(MEKIA-co-OEGMA-co-MAA) microgels vs
temperature measured at different pH; (b) EvoluabWPTT anda vs pH.

The multiresponsiveness of the P(MBMA\-co-OEGMA-co-MAA) microgels was
investigated by dynamic light scattering (DLS) #fedlent temperatures and pH values. The
pH value of the aqueous dispersion was adjustededest pH 4 and pH 9, thus scanning a
degree of ionization of MAA from zero to one (Figut). The profile of the hydrodynamic
diameter Dy) versus temperature confirms the thermoresponesgenf the P(MEGMA-co-
OEGMA-co-MAA) microgels with their ability to collapse withncreasing temperature
(Figure l1a). The biocompatible microgels provedéoconcomitantly pH-responsive as the
volume phase transition temperature (VPTT) incredisem 34 — 36 °C at pH 4-5 to 51 — 56
°C at pH 7-9 (Figure 1b). Such increase of VPTThwiH is assigned to an increase of the
degree of ionization of the methacrylic acid umitich counterbalances the polymer collapse

(Figure 1b). It is noteworthy that contrastto P(NiPAM-co-AA) or P(VCL-co-MAA)

microgels which displayed a broadening of thermegition by increasing pH vallfé! the
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present P(MEEMA-co-OEGMA-co-MAA) thermoresponsive microgels possess a sharp

collapse-to-swelling transitiod\[ < 10 °C) for all pH values (Figure 1b).
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Figure 2. (a) Hydrodynamic diameter at 20°C (squares), 6(i€les) and swelling ratio
(diamonds) of P(MEE@MA-co-OEGMA-co-MAA) microgels as a function of pH.

The increase of the hydrodynamic diameter of théiragponsive microgels from 0.5 um to
ca 1.0 um is observed by raising pH from 4.9 to (&i@ure 2, 9-fold increase of particle
volume at 20°C). Interestingly, this profile is ebged at both temperatures (20 °C and 60
°C), which shows that the increase of both eletdtas repulsions and internal osmotic

pressure induced by sodium carboxylate units odaussth swollen and collapsed stafes.

The evolution of the microgel swelling rati®(see equation (3)) with pH value shows three
distinguished intervals (Figure 2).

qu [ Dh,60°C ] (3)

Dh,20°C
In interval (I) corresponding to a degree of ioti@ma of MAA equal to zero, lowering pH by
adding HCI conveys an increase of salt concentratiolucing a decrease of the swelling
ability of the P(MEGMA- co-OEGMA-co-MAA) microgels due to salting-out effétf (e =
3 at pH 5.0 =1 at pH 3.0). The absence of shrinkage at pHt8dether with the close

values of the hydrodynamic diametdd,(= 510 nm, Figure 2) and the number-average

diameter measured at dry stat®rgy= 460 nm, Figure S9a), are both features of a
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hydrophobic behavior of the microgels under acidanditions. Interval (lI) shows the
maximum value of swelling ratio®( = 3), indicating that pH 5.0 - 6.0 is the optimyaHd
range to promote the highest volume transition afrogels. For a degree of ionization of
MAA above 24 % (pH > 6.0), the third interval capends to a decrease of the size change
magnitude as the swelling ratio decreases fromid@107. This limited swelling is ascribed to
the presence of repulsive electrostatic interastibatween the homogeneously distributed
sodium carboxylate unitsn summary the carboxylic acid-functionalized oligo(ethylene
glycol)-based microgels represent novel promisingtinesponsive biocompatible colloids.
We highlighted their well-defined inner microstruig with a homogeneous distribution of
both methacrylic acid and crosslinker. Noteworthis feature is an important point to enable

the further design of stable magnetic hybrid theaaponsive microgels.

The preparation of the hybrid microgels is basedastraightforward strategy. The
first incorporation of the aqueous dispersion @&-formed iron oxide NPg{F&0s) (D = 18
nm) at pH 3.0 is driven by polar interactions betwehe carboxylic acid units of microgels
and the cationic charges of the NPs. The magnefis &re further destabilized inside the
microgel by adjusting the pH at 7.0 correspondingthie point of zero charge of the
maghemite NPE® It is important to emphasize that this strategyersf the unique
opportunity to load high content of pre-formed metym NPs (up to 33 wt-%s microgel)
while maintaining the hybrid microgel stability agueous solution (see Figure 3 and 4). The
loading of NPs is quantitative (see results of rimgravimetric analysis in Table S3,
Supporting Information). Moreover, Figure 3 highlig the homogeneous distribution of the
inorganic NPs into each microgel. Unlike the examplf itaconic acid-functionalized
PNiPAM microgels showing extensive desorption ofymetic NPs during the uptake st&p,

the present-Fe,0Os-loaded biocompatible microgels do not exhibit & release (Figure 3).



Figure 3. Transmission Electron r.r‘zl‘ltﬂ:krogra,phs#‘a&Fezog-P(MEOZMA -co-PEGMA-co-MAA)
hybrid microgels loaded with 16 wt-% (a and b) 8n&-% (c) of magnetic NPs.

For the present system, it is noteworthy that tle¢hacrylic acid units play a crucial role to
promote interaction with magnetic NPs and to engbee stability of hybrid microgels.
Indeed, when using MAA-free P(MEMA-co-OEGMA) microgels, NPs were expelled
outside (see Figure S10, Supporting Informatioenh@lwith microgel flocculation. On the
other hand, the hybri¢-Fe0s-P(MEO,MA-co-OEGMA-co-MAA) microgels loaded with

maghemite were highly stable and monodisperse (&iguand 4c).
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Figure 4. Features of-Fe,03-P(MEO,MA-co-OEGMA-co-MAA) hybrid microgels: (a)Dy
(at pH 7)vs temperature for various contentsyefFe,Os; (b) dispersion of hybrid microgels
under permanent magnet ; (c) particle size didiobuat 55°C (PSD).

An important observation from Figure 4a is that mh@gnetic hybrid microgels still exhibit a
swelling-deswelling behavior with a reduction o iy, value from 1.0 um at 20 °C to 0.4-0.5
pm at 60 °C. Starting from a similar hydrodynamiandeter at swollen stat® »o-c (1 1.05
pm), the ability of the magnetig-Fe0s-P(MEO,MA-co-OEGMA-co-MAA) microgels to
collapse is significantly higher than the one @ thitial P(MEQMA-co-OEGMA-co-MAA)

microgels Phybrid microgel= 25 >Pmicrogel = 2). This water expulsiocan be an important point
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for future release of active species. Furthermte, presence of magnetic nanoparticles
induces a noticeable decrease of the microgel VRRdM 52 °C to 37 °C, a suitable
temperature range for the fields of cosmetics agmlth care. This transition temperature is
moreover constant whatever the NP content (FigurBdth of these considerations illustrate
the homogeneous distribution of NPs as the voluhas transition behavior of the=e,03-
P(MEO;MA-co-OEGMA-co-MAA) hybrid microgels is differenfrom PNIPAM- or PVCL-
based composite microgels exhibiting a heterogenedlistribution of magnetic
nanoparticle§’™ " Interestingly, the well-separated magnetic nartiapes, interacting with
the homogeneously distributed carboxylic acid fiorg in the present oligo(ethylene oxide)-
based network, does not hinder the change of coplgonformation. The polar interactions
more likely limits the ionization of the acid fuirans at pH 7, hence lowering both the VPTT
value and the hydrodynamic diameter of the colldpdeid microgels in comparison with the

precursomicrogels (Figure 4d\vprr = 15 °C,Aph eo °.c= 400 nm).

4. Conclusions

In conclusion, we designed for the first time smantigo(ethylene glycol)-based
biocompatible hybrid thermoresponsive microgelstaimmng a high fraction of magnetic
NPs. The significance of the present work is to asemple method for the preparation of
such microgels by loading a high content of previed magnetic nanoparticles, up to 33 wt-
% of y-FeOs; versus microgels, into the biocompatible microgelbile maintaining
simultaneously perfect  colloidal stability, monquisse particles, sharp
thermoresponsiveness, intense collapse-to-swethaugsition and quantitative nanoparticle
encapsulation. The homogeneous distribution in M#&Ahe multiresponsive oligo(ethylene
glycol)-based microgels proved to be the key patamt® overcome the difficulties which

usually arise from this method. Interestingly, bust system is proposed here as the volume



phase transition temperature of the hybrid thersmyasive microgels is not influenced by
the fraction of magnetic nanopatrticles. As the aqudke-to-swelling ability of the microgel is
maintained, the present system could offer the dppiy to tune the VPTT of the hybrid
microgels by selecting the initial molar ratio oEGMA and MEGMA. In summary, we
successfully prepared stable monodisperse oliggéth glycol)-based hybrid colloids
combining multiple properties: biocompatibility, ettmo-dependent swelling ability with
tunable transition temperature and magnetic prig=erThe proposed strategy via the rational
design of smart multi-functional polymeric vehicleg simple association of two distinct pre-
formed aqueous colloidal dispersions with contoblleatures, offers interesting perspectives

for different fields of applications such as coseeebr health care.

Experimental section

The details concerning microgel synthesis, momtprof individual monomer conversion,
potentiometric and conductometric titration, evantof pKa as a function of the ionization
degree, TGA analysis, TEM images of magnetic nartigies and hydrid microgels are

gathered in Supporting Information.

Supporting Information

Supporting Information is available from the Wiléyline Library or from the author
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Materials

Iron (Il) chloride tetrahydrate (Fef£AH,O, Aldrich), iron (Ill) chloride hexahydrate
(FeCk.6H,O, 6H,0, Aldrich), ferric nitrate (Fe(Ng)s, Aldrich), ammonium hydroxide
(NH4OH, 28-30 %w/w, Aldrich), nitric acid (HN§) Aldrich) and hydrochloric acid (HCI,
36%w/w, ABCR) were used for the synthesis of magtemanoparticles without further
purification. Di(ethylene glycol) methyl ether matmnylate (MEQMA 95%, Aldrich),
oligo(ethylene glycol) methyl ether methacrylateE@MA, monomethyl terminated with 8
EG repeat units, number average weight M 475 g.mof, Aldrich), oligo(ethylene
glycol)diacrylate (OEGDA, number average weight#250 g.mof, Aldrich) and potassium
persulfate (KPS, 99%, ABCR) were used as receieedhe synthesis of P(MED®IA- co-
OEGMA-co-MAA) microgels. The water used for the microgehthesis and characterization

was purified using a Millipore Milli-Q system.

Synthesis of P(MEQMA- co-OEGMA- co-MAA) microgels (Table S1)

The microgels are synthesized by surfactant-fregipitation polymerization in an aqueous
continuous phase. Starting from a monophasic swolutthe microgels are prepared by
precipitation copolymerization of di(ethylene glj)cmethyl ether methacrylate (MEMA),
oligo(ethylene glycol) methyl ether methacrylateE@MA) and methacrylic acid (MAA) in
the presence of oligo(ethylene glycol)diacrylateE(DA) as crosslinker and potassium
persulfate (KPS) as initiator. At the initial stagdl reactants are soluble in water and the
polymer chains precipitate during polymerizationrieal out at 70°C to form crosslinked
colloidal particles stabilized by the sulfate chesd2.1 wt-% of solids content). The initial
feed composition is [MEMA:OEGMA:MAA:OEGDA] = [84:9:5:2] mol-%. Crosslinker
OEGDA and initiator KPS were kept at 1.92 mol% &86 mol% versus the total vinylic
molecules (MEGVMA + OEGMA + OEGDA). Briefly, MEGQMA (0.966 g, 5.14 mmol),
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OEGMA (0.272 g, 0.573 mmol) and OEGDA (0.029 g,1G.Inmol) were dissolved in 57.5
mL of water. The reaction mixture was first intredd in a 250 mL 3-neck round- bottom
flask equipped with a mechanical stirrer set at i) and purged with nitrogen for 45
minutes at room temperature to remove oxygen. Atswo of MAA (0.026 g, 0.305 mmol
dissolved in 2 mL of water) was then introduceda itite round bottom flask. The mixture was
heated up to 70 °C prior to introduce the KPS smu(14.3 mg dissolved in 2.5 mL of
degassed water) into the reactor in order to teitthe polymerization. The reaction mixture
became turbid in few minutes and was kept at 70ot@® hours (150 rpm) to complete the
reaction. The individual conversions of MAA, OEGDAnd ethylene glycol-based
methacrylates were monitored by analyzing the pelyration medium by off-linéH NMR

in D,0/H20 (1:9 v/v).

The microgels were then purified by 5 centrifugafiedispersion cycles (10 000 rpm, 30
min) with milliQ grade water and finally storedrabm temperature.Table S1

Table S1: Synthesis of P(MEGMA- co-OEGMA- co-MAA) microgels

[MEO,MA] o2 [OEGMA 475]o® [MAA] 0® [OEGDA 250]o® [KPS]o®
mmol.L* mmol.L* mmol.L* mmol.L* mmol.L*?

83.9 9.36 4.99 1.92 0.86

& Molar initial feed ratio: [MEGMA:OEGMA:MAA:OEGDA] = [84:9:5:2] mol-%., solid
content at 100 % of monomer conversion = 2.1 wiF%;70°C.

Monomer Conversion Measurement

In order to monitor the individual monomer convens(x), the surfactant free precipitation
polymerization was performed as described aboveallding trioxane as internal standard
(Nrioxane= 0.1 (Mbecma + Nveo,ma + Noecpa + Nuaa). For that purpose, samples were withdrawn
at different time intervals and deuterated watér\®o) was added in each sample for proton
NMR analysis Figure S1 and Figure S2) The conversions of (MEMA +, OEGMA),
MAA and OEGDA were calculated from the ratio ofitirespective peak integration with the
integration of trioxane, according to equateg. S1and monomer conversion versus time is

represented ifrigure S3

_IMI _, IMI/ [Trioxane ], _y Mo/ Priomre Eq. S1

[M], [M],/ [Trioxane ], L 0 Trione (o)

With | v and Itrioxane are the values of the peak integration of monoMeand internal

standard (trioxane) at initial timg&nd sampling time t.
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'H NMR (H,0:D,0 90:10, 400 MHz)MEO,MA: & (ppm): 1.85 (s, 3H, (C=CH3)), 3.3 (s,
3H, OCHy), 3.54 (d, 2H, O-CHCH»-O-CHs), 3.64 (d, 2H, OEH,-CH,-O-CHs), 3.74 (d,
2H, C=C-(OC)-O-CH-CH»0-), 4.26 (d, 2H, C=C-(OC)-@H,-CH,-0-), 5.65 (dd, 1H,
(Hirans-HC=C(CH;)-C(=0)0-)), 6.1 (dd, 1H,HcsHC=CH(CH;)-C(=0)0-)). OEGMA : §

(ppm): 1.85 (s, 3H, (C=GHa)), 3.3 (s, 3H, OcH53), 3.54 (d, 2H, O-CHCH,-O-CHs), 3.64
(d, 26-30H, OEH»-CH»-O-CHa), 3.74 (d, 2H, C=C-(OC)-O-CHCH»-0-), 4.26 (d, 2H,
C=C-(0OC)-OCH,-CH,-0-), 5.92 (dd, 1H,Hyrans-HC=C(CH)-C(=0)0-)), 6.1 (dd, 1H,His

HC=C(CH)-C(=0)0-)), MAA: & (ppm): 1.81 (s, 3H, C=Q9H3)). 5.55 (dd, 1H,Hyans-

HC=C(CH)-C(=0)OH)). 5.93 dd, 1HHs-HC=C(CHs)-C(=0)OH)), OEGDA : & (ppm):

3.64 (d, 16-12H, GBH,-CH,-0O-), 3.74 (d, 4H, C=C-(OC)-O-GFCH»-0-), 4.26 (d, 4H,
C=C-(OC)-OCH»-CH,-0-), 5.92 (dd, 1H, Hyans-HC=CH-C(=0)0O-)), 6.1 (dd, 1H,
(H2C=CH-C(=0)0-)), 6.36 (dd, 1H,H:sHC=CH-C(=0)0O-)) trioxane: (ppm)= 5.1 (s, 3H,
(CHy)).
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Figure S1:*H NMR spectra of polymerization medium at initial Sate
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P(MEO,MA-co-OEGMA-co-MAA) cross-linked OEGDA Trioxane
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Figure S2:'H NMR spectra of polymerization medium at final stae
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Salt-free base-into-acid titration of the P(MEQMA- co-OEGMA- co-MAA) microgels by
potentiometric and conductometric characterizations

Carboxylic functions titration. Base-into-acid titrations were performed at 2@YCcoupling
conductometric and potentiometric techniques asiqusly described elsewheteSamples
were prepared by suspending 50 mg of freeze-driedogels into 30 mL of MilliQ water.
The pH of the aqueous dispersion was adjusted b8lowwvith hydrochloride acid (0.1 M
solution of HCI) in order to protonate all carbaxyhcid groups. A freshly prepared solution
of sodium hydroxide ([NaOH] = 1.55 mM) was usedtitration.

The molar content of COOH units into the microgalas calculated from the
conductivity versus NaOH volume curves using thandgard extrapolation/intersection
method to determine the titration endpoifreppresented ifrigure S4. The concentration of
COOH units into the microgel was calculated usimmation Eq. S2 The results are
summarized iMable S2
Eq. S2

[COOH] = [NaOH] jyan [(Veq, —Veq,) (mmObOOH -gmicrogel_l)

microgel

Vegrand Viqe are respectively the volume of NaOH added to radimér the excess of HCl and
the volume of NaOH added to neutralize COOH urithe microgel (se€igure S4).

The degree of ionization of carboxylic acid funasa and their acidity constankg
(presented irFigure S5 and Figure S6 were calculated from potentiometric titration alat

using the following equations:

a :VNaOH,lmM _Veql Eq. S3
Veq2 —Veql
Eqg. S4

a
pKa= pH —Iog(m)

With, Vnaon,1mmiS the volume of NaOH solution at a concentrabbth mM.
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Figure S4: Potentiometric (x) and conductometric ) titrations of P(MEO ,MA- co-
OEGMA- co-MAA) microgels

Table S2: Molar content of carboxylic acid functims per gram of microgel (in
mmol.gmicroge{l) determined by titration using conductometry data.

[COOH] theoretical [COOH] exp
mmol.g™* mmol.g™*
0.233 0.169+ 0. 001)
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Figure S5: Degree of ionizatiornu(zo°c) of MAA units as a function of pH at 20°C.
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Figure S6: pK, of MAA units of P(MEO ;MA- co-OEGMA- co-MAA) microgels as a
function of their degree of ionization at 20 °C.

Synthesis ofy-Fe,O3; magnetic nanoparticles

The cationicy-Fe0O3; nanoparticles were prepared in water by co-prtipn of metallic
salts according to the Massart methédkirst, FeO, magnetite particles were prepared by co-
precipitation of FeGl and Fed at molar ratio Fe(ll) : Fe(lll) = 1:2. Iron (II)htoride
tetrahydrate (22.6 mmol solubilized in 170 mL o5 M HCI solution) was added into an
agueous solution of iron (Il) chloride hexahydré4®.1 mmol in 500 mL of water). Then 43
mL of ammonium hydroxide solution (28-30 w/w) waddad at room temperature under
vigorous stirring to produce a black solid suspemstomposed of flocculated &
magnetite particles. The & magnetite particles were then oxidized in 2 stéps:aqueous
solution of magnetite nanoparticles (NPs) was finsted with 28.6 mL of 2 M HN@and
stirred for 1 hour at room temperature for surfageation. In a second step, 85.7 mL of
[0.33 M Fe(NQ)s, 9H,O] solution were added into the flask prior 30 nw@suof stirring at
reflux condition (T = 100 °C) for inner particle idation. The magnetic suspension turned
into red color which is characteristic of the fotroa of maghemite NPs. The NPs were
submitted to decantation through a permanent magmettredispersed with water (3 times).
After these 3 cycles, 28.6 mL of 2 M HNGolution were added onto the NPs. The
maghemite NPs isolated by a permanent magnet washed with acetone 3 times prior

-22.-



being peptized by adding pure water. A stable agsiéerrofluid solution composed of 6 wt%
of positively charged maghemite nanoparticles ¢éevered.

Morphology and hydrodynamic diameter of the maghemanoparticles were characterized
respectively by transmission electron microscopgNI) and dynamic light scattering (DLS).
It was observed from TEM imageBigure S7) that maghemite particles are in “rock-like”
shape and polydisperse with number average diamatging from 5 to 20 nm. Dynamic
light scattering indicated an average hydrodynasmaeneter of 18 nm in aqueous dispersion
at pH of 2.

These ferrofluid dispersions are stable in acidedia but start to flocculate at a pH above 4,
with an isoelectric point (or point of zero chargé)pH 7.2° The nanoparticle destabilization
observed at pH above 4 is mainly due to the nematadn of the cationic hydroxyl surface
groups (OH").

Figure S7 : TEM micrographs ofy-Fe,O3; maghemite nanoparticles at scale of a. 100 nm
and b. 20 nm.

Synthesis ofy-Fe,O3-P(MEO ;MA- co-OEGMA- co-MAA) hybrid microgels

The hybrid microgels were prepared by loading thgoaic y-Fe,0O3; nanoparticles into the
stimuli-responsive P(MEMA-co-OEGMA-co-MAA) microgels (Table S3. For experiment

1 of Table S3as example, 40 mL of the aqueous dispersion of M A- co-OEGMA-co-
MAA) microgels at a concentration of 1.45 d.{pH 6.5) was introduced into a round bottom
flask and the pH was adjusted to 3.0 by additiomitic acid solution (HN@ 0.1M). The
cationic ferrofluid solution (10 mL at 1.34 g') was added dropwise to the aqueous microgel
dispersion under continuous stirring at room terapge and was kept overnight under
stirring. The pH of the aqueous solution of micilegeas then adjusted to 7.0 by addition of
alkaline solution (KOH, 0.5M) in order to destabdithe magnetic nanoparticles into the

microgel structure while promoting the stabilitytbe final hybrid microgel by the potassium
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carboxylate functions. Finally the dispersion wasiffed by 5 centrifugation/redispersion (5
000 rpm, 20 min each).
Table S3 : Synthesis of hybridr-Fe,0O3-P(MEO>;MA- co-OEGMA- co-MAA) microgels.

: i y-Fex0s 7-F&:03
Expt I'microgel | T'y-Fe&Os | ooretical experimental
gL gL W% W%
1 1.49 0.299 16.6 15.9
2 15 0.599 28.5 32.6

Imicrogel @Nd T'y.re203 are respectively the solid content in microgels andiron oxide
nanoparticles calculated just after addition ohbaqueous dispersions. The theoretical value
of introduced nanoparticleg-£e,0; theoretical I'y-re203/(I'y-Fe203+ microge)) IS COMpared to
the experimental fraction of inorganic nanoparsclg y-Fe,O; experimental) measured
experimentally by thermogravimetric analydtsgure S8.

100 -+

* y-Fe, 03 16wt%

80 = y-Fe,0; 33wt%

60

40

Weightloss (%)

20 A

0 —_—
20 120 220 320 420 520 620
Temperature (°C)

Figure S8 : Thermogravimetric plots of the hybridy-Fe,O3;-P(MEO ;MA- co-OEGMA-
co-MAA)/ microgelsloaded with two different amount of ferrofluid.

Transmission Electron Microscopy (TEM) of P(MEO,MA- co-OEGMA- co-MAA)
microgels andy-Fe,0O3-P(MEO,;MA- co-OEGMA- co-MAA) hybrid microgels

The aqueous microgel dispersions at a concentrafionl mg.mL* were cast onto the TEM
copper grids and dried at room temperature for@d#$before TEM analysis.
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Figure S9: TEM micrographs of A/ P(MEO;MA- co-OEGMA- co-MAA) microgels ; B/ y-
Fe03-P(MEO;MA- co-OEGMA- co-MAA) hybrid microgels loaded with 15.9 wt% of
magnetic NPs.and C#-Fe;O3-P(MEO;MA- co-OEGMA- co-MAA) hybrid microgels
loaded with 32.6 wt% of magnetic NPs.

Figure S10: TEM microgr'a'phg of 'adci:d-"free P(MEQMA co-OEGMA) microgels loaded
with 4.7 wt% of magnetic NPs.

Methods

Nuclear Magnetic Resonance (NMR) spectroscopy. *H NMR spectra were recorded using a
Bruker 400 MHz spectrometer at 25 °C.

Conductometric and potentiometric techniques. A graphite electrode connected to a CDM230
conductivity meter (Radiometer Analytical, Franaell SenTix 81 pH-electrode connected to
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WTW pH3310 pH-meter (WTW GmbH, Germany) were usgduftaneously in microgel
dispersions under continuous stirring.
Transmission Electron Microscopy. Hybrid multiresponsive microgels architecture were

observed in dried state by transmission electrocraacopy with a Philips CM12 using an
accelerating voltage of 120 kV at room temperature.
Thermogravimetric analyses. y-Fe,03 nanoparticles loading were determined by
thermogravimetric analyses on a TGA Q50, TA Insens at a heating rate of 10°C.fhin
under nitrogen.
Dynamic Light Scattering (DLS). Hydrodynamic diameters of microgels were measwrigl
a Vasco-2 Particle Size Analyzer from Cordouan hetdgies (Pessac, France) working at an
angle of 135° and a wavelength of 658 nm. Autodati@ functions were recorded using a
multi-acquisition mode and apparent diffusion coefhts were determined via the Pade-
Laplace inverse algorithm and the second-order tambhumethods of a large number of
measurements. Hydrodynamic radii were determineith®ystokes-Einstein equation (Eqg. S5)
and particle size distribution (PSD) is given by ttumulant analysis method (a sample is
considered monodisperse for values below 0.1).cAltulations were performed using the
NanoQ software.
Particle size of the hybrid microgels were measunsthg a Zetasizer Nano S90 from
Malvern working at an angle of 90°, using a 4mW Mie{aser at 633 nm. All calculations
were performed using the Nano DTS software.
D, = KT
6rrn.r

Eqg. S5

Where lg is the Boltzmann constant, T is the absolute teatpee,n is the viscosity of the
medium, r is the hydrodynamic radius, angi®the apparent diffusion coefficient.

For measurements of the hydrodynamic diameter pedd at different temperatures, the
change of the water viscosity with temperature walsen into account. Samples were

equilibrated for 15 min at each temperature bedoraysis.
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