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ABSTRACT: The morphology and topology of thermores-
ponsive polymers have a strong impact on their responsive
properties. Grafting onto spherical particles has been shown to
reduce responsiveness and transition temperatures; grafting of
block copolymers has shown that switchable or retained
wettability of a surface or particle during desolvation of one
block can take place. Here, doubly thermoresponsive block
copolymers were grafted onto spherical, monodisperse, and
superparamagnetic iron oxide nanoparticles to investigate the
effect of thermal desolvation on spherical brushes of block

Double thermoresponsive block copolymer

Aggregation behavior, LCST, transition enthalpy

copolymers. By inverting the block order, the influence of core proximity on the responsive properties of the individual blocks
could be studied as well as their relative influence on the nanoparticle colloidal stability. The inner block was shown to experience
a stronger reduction in transition temperature and transition enthalpy compared to the outer block. Still, the outer block also
experiences a significant reduction in responsiveness due to the restricted environment in the nanoparticle shell compared to that
of the free polymer state. The demonstrated pronounced distance dependence importantly implies the possibility, but also the
necessity, to radially tailor polymer hydration transitions for applications such as drug delivery, hyperthermia, and
biotechnological separation for which thermally responsive nanoparticles are being developed.

B INTRODUCTION

Thermoresponsive core—shell nanoparticles are an interesting
class of materials due to their externally controlled reversible
dispersibility.' ~* Combining a thermoresponsive shell with a
magnetic core such as biocompatible, superparamagnetic iron
oxide nanoparticles (SPIONs) is especially beneficial as it
allows for (magneto)thermal heating and extraction useful for a
broad spectrum of applications, including water desalination,”’
contrast agents,6 nanothermometers,®’ catalysis,8 and Dbio-
medical agents for hyperthermia’ or drug delivery.'”"' An
important limitation in designs for biomedical and biotechno-
logical applications has been that magnetothermal actuation of
magnetic nanoparticles has been limited to changing the bulk
temperature to change particle properties or colloidal aggregate
size. This is due to the quite simple design of linear homo- or
random copolymer used so far to graft thermoresponsive
brushes as shells. Although magnetic heating proceeds from the
core, the thermal conductivity (heat dissipation) of water is so
high that a large temperature gradient over tens of nanometers
cannot be supported. On the other hand, high colloidal stability
and reversible nanoparticle aggregation require polymer shells
of such thickness, and the polymer solubility transition extends
over several degrees Kelvin. For a shell with uniform transition
temperature, it is therefore difficult to envision how
simultaneous colloidal stability and colloidal transitions through
heating from the core should be accomplished.
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Improved design of these materials for specific purposes
therefore requires better understanding of the impact of
grafting on the responsive behavior of the polymeric dispersant
comprising the shell as this will define the final material
properties, such as colloidal aggregation and deaggregation with
respect to application temperature and other solvent
conditions. The impact of grafting on thermoresponsive
properties of homopolymers and random copolymers has
been investigated. The influence of polymer molecular weight
(MW) of grafted poly(N-isopropylacrylamide) (PNIPAM) was
described recently, showing strong reduction of transition
enthalpy compared to free polymers with decreasing molecular
weight.'> This loss in transition enthalpy correlates with a
reduction in aggregate size, preventing (magneto)thermal
extraction of the material that depends on formation of large
superparamagnetic core aggregates.12 Reduction in enthalpy
was also observed for grafting of polyoxazoline homo- and
random copolymers."® In that particular study, incorporation of
ethyl-oxazoline units led to a significant reduction in transition
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enthalpy compared to a pure poly(2-isopropyloxazoline)
(PIPOx) brush and to even stronger reduction compared to
that for free polymers.13 Interestingly, although grafting of
PNIPAM had little effect on the transition temperature,”” a
reduction was observed for other thermoresponsive polymer
brushes such as polyoxazolines,'>"* polypeptoids,* and poly-
(poly(ethylene glycol) methacrylate)'> compared to their free
polymer analogues.

An important question that remains for further design of
optimized responsive brush shells is how different segments in
the brush are affected by the grafting process; for example, do
only inner chain segments experience a loss in responsiveness
and a significant shift in critical solution temperature while
outer chain segments remain unaffected? The segment density
close to the core of the densely grafted brush is very high.
Hence, one could argue that the expected effect on the
desolvation transition would be even higher on this part of the
polymer than the well-described effect of increasing the
molecular weight of a polymer coil. Conversely, at least for
high molecular weight-grafted polymers on a highly curved
nanoparticle surface, the outer shell polymer density could be
similar to that of individual free coils of lower molecular weight
and experience no or converse changes in the desolvation
transition compared to free polymer of the same molecular
weight. For accessing and investigating different regimes in a
spherical brush, an approach using block copolymers could be
advantageous as it allows us to tune the distance of the
thermoresponsive segment to the core via sequential living
polymerization. One can envision that optimized designed
sequences of polymer blocks and thereby transition temper-
atures could allow control of the colloidal transition by, e.g,
magnetic heating from the core alone.

Aggregation of thermoresponsive ABA-type'°™"® and ABC-
type triblock copolymers'”~** into soft—soft core—shell
nanoparticles has been studied, which could provide a guide
to the expected responsive behavior of hard core—polymer shell
nanoparticles. Although most often only one thermoresponsive
block is present in the corona, doubly thermoresponsive
triblock PS-b-PNIPAM-b-(oligoPEG PS) micelles were de-
scribed by Zhang and co-workers.”* After formation of the PS
core, the shell can be collapsed stepwise. Heating above the first
critical solution temperature (CST) leads to collapse of the
inner PNIPAM block. The outer oligo-PEGylated PS block
collapses above the second CST, which is visible in a further
reduction in size at first before ultimately the core—shell
nanoparticles aggregate into larger clusters. Examples of similar
studies on thermoresponsive block copolymers grafted onto
inorganic nanoparticles are rare.”>>° Thermoresponsive gold
nanoparticles Au@PNIPAM-b-PMMA (PNIPAM MW 40
kDa) were reported by Tang.*® Analogously to the described
triblock copolymers, collapse of the inner block resulted in a
drop in size of 19 nm, which was reversible upon cooling.
However, no study yet described the influence of core
proximity on the responsive properties of a grafted polymer
brush or aggregation of doubly thermoresponsive nanoparticles.

Thus, we present a model system based on block copolymer-
modified SPION to explore the impact of core proximity on
inner and outer segments of a spherical brush with respect to
morphology, aggregation behavior, transition temperature, and
enthalpy.
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B EXPERIMENTAL SECTION

B MATERIALS

All chemicals were purchased from Sigma-Aldrich unless otherwise
noted. Oleic acid-coated SPION were prepared by thermal
decomposition of iron(O);;)entacarbonyl in dioctyl ether in the
presence of oleic acid*”*® 6-Nitrodopamine hydrogensulfate was
prepared as reported previously.””** 2-Isopropyloxazoline (IPOx) was
prepared by condensation of 2-aminoethanol with isobutyronitrile
using zinc acetate as catalyst,”® dried over calcium hydride, and
distilled at reduced pressure. 'H NMR (CDCl,, §, ppm): 4.25 (2H, t,
3] = 9.4 Hz), 3.84 (2H, t, ] = 9.4 Hz), 2.61 (1H, sep, *] = 7.0 Hz), 1.19
(6H, d, ’] = 7.0 Hz).

2-Ethyloxazoline (EtOx, >99%) and N,N-diisopropylethylamine
(DIPEA, 99.5%) were dried over calcium hydride and distilled at
reduced pressure. Methyl tosylate (MeTos, 98%) was purified by
distillation. N,N-Dimethylacetamide (DMA, anhydrous, 99.8%) was
purchased from Sigma-Aldrich. COMU: (1-cyano-2-ethoxy-2-oxoethy-
lidenaminooxy) dimethylamino-morpholino-carbenium hexafluoro-
phosphate. DMAP: 4-(dimethylamino)pyridine. Dialysis tubes (mo-
lecular weight cut-off (MWCO): 3.5 kDa (regenerated cellulose) and
1000 kDa (cellulose ester, Spectra/Por Float-A-Lyzer)) were
purchased from Carl Roth.

Polymerization. Example polymerization for HO-PEtOx-b-PIPOx:
polymerization reactions were performed in a Glovebox (GS Glovebox
Systemtechnik GmbH) with water-level <1 ppm and oxygen-level <$§
ppm. A screwcap vial equipped with a magnetic stir bar was charged
with 2-isopropyloxazoline (0.5 mL, 0.42 mmol) and anhydrous DMA
(2.7 mL). The flask was placed in a preheated oil bath at 100 °C. The
polymerization was started by adding a solution of methyl tosylate in
DMA (246 pL (stock solution: 0.1 mL of methyl tosylate in 3 mL of
DMA), 0.053 mmol). After 20 h, 2-ethyloxazoline (0.42 mL, 4.2
mmol) was added, and the polymerization was continued for another
20 h. The reaction was quenched by addition of water (3 drops) and
stirred overnight. The polymer was precipitated by dropping the
reaction solution into hexane/diethyl ether (v/v: 4/1), collected by
centrifugation, and dried in vacuo. Yield: 900 mg (90%), GPC (N,N-
dimethylformamide (DMF) with LiBr (0.05 M)): 19.4 kDa, D = 1.2.

Carboxyl-Terminated Polyoxazoline. A solution of hydroxy-
terminated block copolymer (900 mg, 0.047 mmol), succinic
anhydride (45 mg, 0.45 mmol), and DMAP (18 mg, 0.15 mmol) in
toluene (10 mL) was refluxed for 24 h. After cooling to room
temperature, the product was precipitated in hexane/diethyl ether (v/
v: 4/1). The polymer was collected via centrifugation and dried in
vacuo. Yield: 700 mg (70%).

Nitrocatechol-Terminated Polyoxazoline. Carboxyl-terminated
polyoxazoline (700 mg, 0.036 mmol), COMU (40 mg, 0.093 mmol),
and DIPEA (50 uL) in DMF (5 mL) were reacted for 10 min at 0 °C
to activate the polymer. A solution of 6-nitrodopamine hydro-
gensulfate (38 mg, 0.12 mmol) in DMF (1 mL) was added, and the
reaction solution was stirred for 3 days at room temperature. The
solution was dropped into hexane/diethyl ether (v/v: 4/1) to
precipitate the polymer. The yellow residue was washed with hexane,
air-dried, and dissolved in Milli-Q water. The aqueous solution was
dialyzed (3.5 kDa membrane cut-off size) to remove free nitrodop-
amine and reaction byproducts. The polymer was obtained after
freeze-drying (450 mg). '"H NMR for PIPOx-b-PEtOx-NDA (CDCL,,
5, ppm): 7.61 (s, 1H, Ar—H), 6.74 (s, 1H, Ar—H), 420 (2H,
CH,0CO-), 345 (4nH, -N—CH,CH,- PIPOx, PEtOx), 2.65—2.89
(1nH, CH(CH,),, PIPOx), 2.28—2.39 (2nH, CH,CH,, PEtOx), 1.09
(6nH, CH(CH,),, PIPOx, 3mH, CH,CH,, PEtOx).

Grafting-to” Reaction. As prepared, oleic acid-coated SPION (9.8
+ 0.6 nm, 100 mg) and nitrocatechol-terminated polyoxazoline (450
mg) were suspended in DMF (5 mL) and reacted under ultra-
sonication for 24 h. The solution was dropped into hexane/diethyl
ether (v/v: 4/1) to precipitate the raw product. The brown residue
was washed with hexane and air-dried. The core—shell nanoparticles
were purified by dialysis against Milli-Q water (MWCO: 1000 kDa)
for 48 h. Polyoxazoline-modified SPION were obtained after freeze-
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Scheme 1. Synthetic Pathway to Block Copolymer-Modified SPION“
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“MeTos: methyl tosylate, IPOx: 2-isopropyloxazoline, EtOx: 2-ethyloxazoline. (a—c) End group transformation: (a) quench with water, (b) reaction
with succinic anhydride, (c) reaction with 6-nitrodopamine, ligand exchange reaction of NDA-modified block copolymers on oleic acid-coated

SPION.

drying as a brown solid. FTIR (ecm™): 2972 (w), 2931 (w), 2875 (w),
2853 (w), 1634 (s), 1544 (w), 1470 (s), 1426 (s), 1201 (s), 1158 (s),
1085 (m), 1061 (m), 582 (s).

Analytics. 'H NMR spectra of polymers were measured on a
BRUKER AV III 600 spectrometer. Chemical shifts were recorded in
ppm and referenced to residual protonated solvent (CDCl,: 7.26 ppm
(1H)). Polyoxazoline molecular weights were measured by gel
permeation chromatography (GPC) on an adapted Dionex HPLC
utilized with a P680 HPLC pump, an ASI-100 autosampler, and an
STHS8S column oven. The GPC setup consists of three MZ Gel
SDPlus columns (a precolumn followed by two columns with
separation ranges of 10—2000 kDa and 1—40 kDa, respectively). As
detector, a Knauer Smartline RI Detector 2300 was applied. As eluent,
DMF with LiBr (0.05 M) was used. Samples with a concentration of 3
mg mL™" were injected and measured at 60 °C with a flow rate of 0.8
mL min~". Chromeleon 6.80 with the extension pack V02 was used for
analysis. Narrow dispersed polystyrene standards of 1.5—651 kg mol ™
were used for external calibration. Transmission electron micrographs
(TEM) were recorded on an FEI Tecnai G2 with 160 kV acceleration
voltage on carbon-coated grids. Nanoparticle size distributions were
calculated with the freeware Pebbles®® based on the analysis of >500
NPs. IR spectra of lyophilized samples were recorded on a Bruker
Tensor 37 FTIR spectrometer at a resolution of 4 cm™', averaging 32
scans. Thermal gravimetric analysis (TGA) of the core—shell
nanoparticles was performed on a Mettler Toledo TGA/DSC1 with
80 mL min~! synthetic air as reactive gas, 20 mL min~" nitrogen as
protective gas, and a heating rate of 10 K min~" from 25 to 650 °C.
Mass loss from 200 to 500 °C was assigned to the polyoxazoline-NDA
shell, and residual mass was assigned to the inorganic core. Mass loss
up to 200 °C is due to moisture or solvent residues. Grafting density
was calculated from the weight fractions by TGA, the molecular weight
of the block copolymer by GPC, the average iron oxide core surface
determined by TEM, and a core density of 5.18 g cm™>. Dynamic light
scattering (DLS) measurements (hydrodynamic diameter, scattering
intensity, and temperature cycling experiments) were conducted on a
Malvern Zetasizer Nano-ZS. Mean values and standard deviation
(count rate and number-sized diameter) were calculated from three
runs. To compare the values of the hydrodynamic diameter of the
samples before and after the transition temperature, a Mann—Whitney
U test was carried out. The non-normal distributed values below and
above the CST were compared with a Mann—Whitney U test with an
H, hypothesis that the distributions of both populations are equal. Size
differences for which the null hypotheses could be rejected have a
significance level of at least 95%. Samples were dissolved in Milli-Q
water at a concentration of 1 mg mL™" and filtered with a regenerated
cellulose (RC) filter (0.45 um). DSC measurements on NP
dispersions in Milli-Q water (400 L, 1 mg mL™') were performed
using a MicroCal* VP-capillary DSC system at a heating rate of 1 °C
min~". Data processing was done using the MicroCal VP-Capillary
DSC Automated data analysis for Origin software. Enthalpy
calculations are based on the mass fraction of polyoxazoline block

copolymer in the material, as determined by TGA, the molecular
weight of polyoxazoline block copolymer as determined by GPC, and
the copolymer composition by NMR.

B RESULTS AND DISCUSSION

Synthesis. The block copolymer-modified SPION were
prepared by a grafting-to approach (Scheme 1), analogouslzf to
previous grafting of nitrocatechol-functionalized PEG,””*"
PNIPAM,"* and polyoxazolines'* to SPION. The polyoxazo-
line block copolymers were synthesized by sequential polymer-
ization of 2-isopropyloxazoline (IPOx) and 2-ethyloxazoline
(EtOx) or by inverse order to investigate the impact of position
of the individual blocks in the grafted spherical brush on the
thermally induced polymer desolvation and colloidal aggrega-
tion transitions. Quenching with water generated hydroxyl-
terminated polymers that were further modified by esterifica-
tion with succinic anhydride and subsequent amidation with
nitrodopamine to generate nitrocatechol-terminated block
copolymers. Nitrodopamine has been demonstrated to be a
stable anchor for grafting of polymers to SPION that are
subject to harsh and destabilizing temperature cycling.”**"*

Molecular weight analysis by GPC was performed before the
addition of the second monomer and at the end of the block
copolymerization. For both block copolymers, the molecular
weight nearly doubled after polymerization of the second
monomer, showing successful polymerization and chain
extension (Table 1). Small low and high molecular weight
shoulders were observed for both block copolymers (Figure
S1). These shoulders indicate a low fraction of coupled
products and dead chains of the first block.” These side-
products cannot be end-functionalized. Thus, they will not bind
to the nanoparticle surface and are removed by purification
after the nanoparticle modification. Presence of the nitro-

Table 1. Characteristics of Polyoxazoline Block Copolymers

GPC
M, target feed mol  mol % PIPOx/
(1 M, M, % IPOx/ PEtOx BCP
sample  block) (BCP) PDI (BCP) EtOx (NMR)
HO- 9.8 19.4 12 17.0 50/50 45/55
PEtOx-
b-
PIPOx
HO- 10.8 19.0 1.2 17.0 50/50 48/52
PIPOx-
b-
PEtOx
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Figure 1. Transmission electron micrographs for (A) oleic acid-coated SPION, (B) FeOx@PIPOx-b-PEtOx, and (C) FeOx@PEtOx-b-PIPOx

SPION grafted with nitrodopamine-functionalized block copolymers.

catechol end-group for anchoring the linear polymer to the
nanoparticle surface could be confirmed by NMR spectroscopy
with the aromatic resonances at 7.61 and 6.74 ppm (Figure S2).

Monodisperse, oleic acid-coated SPION with a diameter of
9.8 = 0.6 nm were prepared by thermal decomposition of
iron(O)pentacarbon_}rl in dioctyl ether in the presence of oleic
acid (Figure 1A).>”** The washed oleic acid-coated SPION
were then reacted with a large excess of nitrocatechol-
terminated block copolymers (3 molecules nm™2) in N,N-
dimethylformamide (DMF) under ultrasonication to perform
the ligand exchange and graft the block copolymer with high
surface affinity to the nanoparticle surface. Unbound excess of
the block copolymers was removed by dialysis against water
(membrane cut-off: 1000 kDa). Analysis of the SPION by TGA
showed grafting densities of 1.0 and 0.6 chains nm™ for
FeOx@PIPOx-b-PEtOx and FeOx@PEtOx-b-PIPOx, respec-
tively (Table 2). These values are in agreement with previous

Table 2. Characteristics of SPION Grafted with Block
Copolymer (FeOx@PIPOx-b-PEtOx and FeOx@PEtOx-b-
PIPOx) and Free Block Copolymers

TEM TGA DLS
org. o CST CST
core-D loss residue [M/ (PIPOx) (PEtOx)
sample [nm] [wt %] [wt%] nm?] [°C] [°C
HO- 5SS >100
PEtOx-b-
PIPOx
FeOx@ 9.8 + 0.6 67.7 30.3 0.6 48 86
PEtOx-b-
PIPOx
HO- SS =100
PIPOx-b-
PEtOx
FeOx@ 9.8 + 0.6 77.1 21.4 1.0 42.5 89
PIPOx-b-
PEtOx

“Grafting density.

ligand exchange reactions with hydrophilic polymers such as
PEG,*”*® PNIPAM,>"? or polyoxazolines13 performed in our
group. TEM investigation of the aqueous dispersions showed
dispersed nanoparticle cores with core—core distances that
exceed distances observed for oleic acid-coated SPION (Figure
1B, C).

Thermal Aggregation of Block Copolymer-Modified
SPION Investigated by Dynamic Light Scattering. For
comparing the thermally induced aggregation of the polyoxazo-
line block copolymers with their nanoparticle-grafted ana-
logues, solutions of hydroxy-terminated block copolymers and
dispersions of the block copolymer-modified SPION were
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measured by dynamic light scattering (DLS) in the temperature
range of 20—90 °C at a concentration of 1 mg mL™" (0.1 wt %)
in Milli-Q. As polymer coils or polymer-grafted nanoparticles
reach the CST at the tested concentration, they are expected to
reduce their size due to desolvation and possibly to aggregate.
Changes in polymer coil and core—shell particle size can be
recorded as changes in hydrodynamic diameter and in
scattering intensity (count rate). The latter is very sensitive
to size and aggregation and both can be monitored by DLS as a
function of temperature to find the CST of a sample as when a
significant change in size and/or count rate occurs.

Both the free-coil block copolymer samples show aggregation
upon heating with aggregate sizes of 1.3 ym and ~400 nm for
HO-PIPOx-b-PEtOx and HO-PEtOx-b-PIPOx, respectively
(Figure S5). In the chosen temperature range, only one
transition for the doubly thermoresponsive block copolymers is
visible. Although the aggregate cluster sizes were significantly
different, the same CST of approximately 55 °C was obtained
from the hydrodynamic size vs temperature DLS curves (Figure
SS). This transition can be assigned to the PIPOx-block, which
is expected to have a much lower CST than PEtOx. The CST
of the PEtOx-block cannot be measured at this concentration
but has been estimated to be ~100 °C in Milli-Q,"* whereas the
maximum temperature that can be reached in the DLS setup is
92 °C.

The SPION grafted with block copolymer were tested under
the same conditions (Figure 2). For sample FeOx@PEtOx-b-
PIPOx, two transitions are visible in the count rate and
hydrodynamic size vs temperature DLS measurements (Figure
2A, B). These can be assigned to the CST transitions of the
individual blocks. The first transition occurs at 48 °C for the
PIPOx-block and is rather broad, extending over 10 degrees.
The transition is observed as a small increase in count rate as
well as the average particle/cluster size going from 28 + 3 to 38
+ 2 nm (Figure 2B). This increase in size was shown to be
statistically significant using the null hypothesis of the Mann—
Whitney U test. When comparing the aggregate size to the size
below the PIPOx CST, one should keep in mind that
dehydration of the shell leads to core—shell particles of smaller
diameter that aggregate to clusters. We therefore measure the
net result of two simultaneous processes, where one leads to
reduction in average (particle) size and one leads to increase in
average (cluster) size. It is, however, clear that the collapse of
the outer block does not lead to strong aggregation into
nanoparticle clusters or micellar structures, as the measured
hydrodynamic size stays constant almost until the second
transition at 86 °C upon which the core—shell nanoparticles
precipitate. The precipitation can be detected by eye and which
gives rise to a strong decrease in count rate followed by a loss of
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Figure 2. DLS heating curves for block copolymer-modified SPION in Milli-Q (1 mg mL™"). Count rate (A) and (B) size vs temperature for FeOx@
PEtOx-b-PIPOx, and count rate (C) and size (D) vs temperature for FeOx@PIPOx-b-PEtOx, mean values, and standard deviations from three

measurements.

measurable sample size. At this stage, the nanoparticles can be
easily extracted and decanted with a static magnet, showing that
there is indeed a strong aggregation of multiple super-
paramagnetic cores in each cluster.

Similarly, FeOx@PIPOx-b-PEtOx displays two transitions
(Figure 2C, D). A transition corresponding to a decrease in size
is observed quite sharply at 42.5 °C and can be attributed to the
PIPOx-block. Averaging the size values from 20 to 42 °C and
43 to 66 °C, one can estimate that the size decreases from 39 +
S to 32 & 4 nm. This statistically significant decrease in the size
by approximately 7 nm is a result of the collapse of the inner
block. The first transition cannot be distinctly discerned from
the count rate, which seems to exhibit a small transition already
at approximately 32 °C and then starts to increase
monotonously after 43 °C until the transition of the PEtOx-
block. The sudden drop in count rate at 80 °C is attributed to
clustering that leads to precipitation of part of the sample,
leading to a loss of scattering intensity and decrease of the
average size of particles remaining in the probed volume. The
transition of the PEtOx-block takes place close to 89 °C and
leads to a further dramatic increase in cluster size that causes
rapid precipitation of the dispersion.

The hydrodynamic size measured by DLS for the fully
swollen polymer shell at room temperature is larger (39 nm)
for FeOx@PIPOx-b-PEtOx than for FeOx@PEtOx-b-PIPOx
(28 nm). This can have two explanations: the FeOx@PIPOx-b-
PEtOx have a higher grafting density that forces the polymer
coil into a more extended brush conformation or the dense
grafting close to the core makes the volume per monomer more
similar for IPOx and EtOx in the inner part of the shell than in
the outer part of the shell where the higher solvation of EtOx
makes it expand more. Although both effects can be at play to
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explain the large difference, the first suggestion is likely to be
the major contribution. A possible explanation for the higher
grafting density obtained for nitrodopamine-terminated PIPOx-
b-PEtOx is that the PEtOx-block, being more polar, is better
solvated in the ligand exchange reaction compared to that of
the PIPOx-block. Having the most expanded block closest to
the core during grafting will result in a lower maximal grafting
density that can be achieved for FeOx@PEtOx-b-PIPOx
compared to for FeOx@PIPOx-b-PEtOx because the grafting
density of polymers by ligand replacement for polymers in this
size regime is limited by the solvated polymer coil size.””

The difference in the aggregate size above the CST that is
observed with respect to block order could also tentatively be
explained by the difference in exposure of the desolvated block.
The particles aggregate and become larger clusters only when
the stickier desolvated block is the outermost. However, it
should be noted that the increase in average size is marginal,
and hence the aggregates formed upon desolvation of only the
PIPOx-block consist of clusters of only a few nanoparticles.

By comparing the DLS results for the T-scans of the two
SPION samples, it is obvious that the transition temperature is
influenced by the block order. Moving the PIPOx-block into
closer proximity to the core results in a large decrease of the
CST from 48 to 42.5 °C. The same trend is observed for the
PEtOx-block with a decrease of the CST from 89 to 86 °C. The
transition temperature for the grafted block copolymer
decreases compared to that of the free block copolymers with
a drop of 12.5 °C for the PIPOx-block close to the core and 7
°C for the PIPOx-block in the outer shell. Analogously, the
PEtOx-block exhibits a drop of ~14 and ~11 °C for the inner
and outer blocks, respectively. This reduction in transition
temperature upon grafting is in agreement with reports on
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. 13,14
thermoresponsive polymer brushes such as polyoxazolines, ™

polypeptoids,* and poly(poly(ethylene glycol) methacrylate)'
that all have shown a significant reduction in critical solution
temperature upon grafting. A straightforward, phenomenolog-
ical interpretation of this observation is that the highly hydrated
polymers are above the concentration corresponding to the
LCST in the phase diagram already as free coils; when they are
effectively forced to even higher local concentration in a
brushlike shell grafted on a nanoparticle, the critical solution
temperature will drop in the phase diagram. A denser shell
results in a larger decrease in CST as observed in the lower
transition temperatures for the inner parts of the shell
demonstrated here. Extrapolating this finding back to an
extended homopolymer shell, we can expect a broadening of
the transition as different parts of the shell experience different
local segment densities and hence are in different parts of the
phase diagram.

Heating of the SPION dispersions above the CST of the
PEtOx-block leads to precipitation of both types of SPION.
The precipitation was not reversible upon cooling within the
experimental time frame. The aggregated samples could be
redispersed over longer time scales or by sonication, where-
upon they showed the same colloidal stability as before. Thus,
clustering was due to aggregation of the shells and not by
thermally induced loss of grafted polymer chains from the shell.
To be able to investigate reversible aggregation and
deaggregation with spontaneous redispersion during a single
DLS temperature run, we next performed T-cycled DLS
experiments only below the transition of the PEtOx-block in
the temperature range 20—60 °C. In this range, only the
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solubility transition of the PIPOx-block is probed. For FeOx@
PEtOx-b-PIPOx, the count rate is reversible, returning to the
initial values (Figure 3A). The count rate increases in
agreement with previous measurements at approximately 48
°C. However, the size curve for the sample lacks a clear
transition point. The size stays almost constant with only a
small increase in average particle size of ~2 nm from 31 + 3 to
33 = 3 nm above 47 °C. This small size change was in contrast
to the larger increase in size of ~10 nm observed for the
heating curves recorded for the full temperature range in Figure
2 not statistically significant. Sample FeOx@PIPOx-b-PEtOx
displays a reversible count rate (Figure 3C) within the limited
temperature range just as FeOx@PEtOx-b-PIPOx. For both
samples, a slight hysteresis in part of the count rate curves is
observed (Figure 3A and C), which is absent from the size
curves. The absence of hysteresis for PIPOx in both types of
SPION grafted with block copolymer is a clear indication of fast
rehydration of the polymer; cooling to temperatures far below
the CST as observed for some other thermoresponsive
polymers™ was not required. Similar observations of fast
rehydration and deaggregation were made for SPION grafted
with a PIPOx homopolymer brush (MW: 16.5 kDa),"” but it
contrasts with SPION grafted with the isomeric PNIPAM
(MW: 20 kDa) that exhibited strong hysteresis upon cooling.’
The faster rehydration kinetics for PIPOx in comparison to
PNIPAM could be explained by the overall lower hydrogen
bonding capacity of PIPOx, which has been described as
leading to faster rehydration of PIPOx upon cooling by van
Mele and co-workers.>
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The size curve for FeOx@PIPOx-b-PEtOx (Figure 3D)
exhibits a drop in average hydrodynamic diameter at ~43—44
°C, as observed for the larger temperature range cycling.
Averaging the values before and after 43 °C shows that the size
decreases from 38 + 7 to 33 + S by approximately S nm. This
decrease is comparable to the 7 nm decrease determined from
the data for the larger temperature range presented in Figure
2D, but due to the higher variability in the cycled measure-
ments, this S nm decrease did not reach the same high level of
statistical significance. Thus, although quite noisy, the collapse
of the inner block leads again to a lower hydrodynamic size
with no observed aggregation. The change is fully reversible
upon cooling. Given the small measured changes in the
hydrodynamic size of SPION grafted with thermoresponsive
block copolymer upon heating, it is obvious that monitoring
these processes by DLS is at its limit. Given that the count rate
increases, we cannot rule out that some aggregation also occurs
that partially masks the decrease in average nanoparticle size.
For future investigations, an increase in the block molecular
weights and thus brush thickness could help to sharpen the
transitions.”®

Summarizing the results from measuring T-cycled changes in
light scattering and hydrodynamic diameter, grafting of
thermoresponsive polymer chains has a strong impact on
their transition temperature, which is more pronounced for the
polymer segments close to the core. This result can be
explained by the varying chain segment density throughout the
brush with regimes that differ in their hydration state and in
their effective concentration and therefore place in the phase
diagram. Indeed, investigations by SAXS on SPION melt-
grafted with PEG to extremely dense spherical brush shells have
shown distinct density profile regimes as a function of distance
from the iron oxide core surface.’® A very strong influence of
the grafted polymer molecular weight on the thermoresponsive
aggregation behavior of nanoparticles that has been ob-
served”'>"? could also be partially due to the different fractions
of those polymers that are in a dense brush regime in a near-
free coil or mushroom regime. Interestingly, aggregate sizes for
the free block copolymers surpass those of SPION grafted with
the same polymer by 1 order of magnitude. This difference in
the aggregation behavior might be linked to differences in the
transition enthalpy.

Investigation of the Transition Enthalpy by DSC. For
further insights into the impact of grafting and the position of
the blocks on the thermoresponsive properties, solutions of free
block copolymers and dispersions of SPION grafted with block
copolymer were investigated by DSC in a temperature range of
20—90 °C at the same mass concentration of 1 mg mL™
(Table 3, Figure 4). In both block copolymers, the PIPOx-
block has a molecular weight of ~9.5 kDa, making a direct
comparison between the two kinds of modified nanoparticles
and the free polymers possible. For all samples, a single
endothermic peak is observed, even for the block copolymer-
modified SPION. This transition is assigned to the thermally
driven desolvation of the PIPOx-block. Although the transition
of the PEtOx-block, as shown by DLS, is occurring within the
investigated temperature range, no second heat peak is
observed before 90 °C is reached. This observation is in
agreement with DSC measurements on SPION grafted with
PEtOx homopolymers (14 kDa, CST of ~74 °C in Milli-Q),
which also did not display a visible peak in the same
temperature range.13
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Table 3. DSC Results for Free Block Copolymers and
SPION Grafted with Block Copolymer

AH

M, PIPOx- PIPOx  AH [

block [g block (mol §Tp— I;Peak FWHM
sample moL]* g'1” RU)"] [°C] [°C] [°C]
HO- 9747 48.96 5.54 50.90 62.90 11.66
PEtOx-
b-PIPOx
FeOx@ 9747 737 0.83 39.70 50.90 8.50
PEtOx-
b-PIPOx
HO- 9367 56.54 6.39 52.00 61.00 11.32
PIPOx-
b-PEtOx
FeOx@ 9367 S.1§ 0.58 30.10 32.60 0.40
PIPOx-
b-PEtOx

“MW of PIPOx calculated from BCP-molecular weight (GPC) and
copolymer composition by NMR. bTransition enthalpy for the poly(2-
isopropyloxazoline)-block.

For each of the precursor polymers, a single yet broad
transition peak is measured with peak temperatures of 62.9 °C
for HO-PEtOx-b-PIPOx and 61 °C for HO-PIPOx-b-PEtOx,
respectively (Figure 4A, C). Thus, quite comparable transition
temperatures are obtained for the free block copolymers
independent of the block order. However, the transition
temperatures for the PIPOx-block are reduced after grafting
with temperatures of 50.9 °C for FeOx@PEtOx-b-PIPOx and
even 32.6 °C for FeOx@PIPOx-b-PEtOx (Figure 4B, D). Thus,
the block order in the spherical brush has a dramatic effect on
the transition temperature, showing that polymer segments
close to the core are highly affected in their thermoresponsive
properties with a drop in transition temperature of 28 °C, as
measured for FeOx@PIPOx-b-PEtOx. Placing the PIPOx-block
in the outer segment reduces the effect of grafting on the
transition temperature, but still results in a reduction by 12 °C.
The onset temperatures by DSC for the free polymers and for
the SPION grafted with block copolymer are lower compared
to values obtained by DLS. The onset of the transition
temperature measured for FeOx@PIPOx-b-PEtOx fits to the
small transition in count rate at 32 °C observed by DLS
(Figures 2C and 3C) and not to the pronounced reduction in
size observed at 43 °C (Figure 2D). Although the different
heating rates of DSC and DLS might have an influence on the
transition temperature, this trend indicates that dehydration
takes place before the major conformational change and
reduction in brush size occurs.

Another interesting observation is that the peak half-width of
the grafted PIPOx-block is highly dependent on the
morphology of the polymer and in particular on whether it is
grafted in the dense proximity of the core. In case the PIPOx is
kept as outer block, only a 30% reduction in the peak half width
is observed by grafting as a brush to the SPION core (Figure
4A and B, Table 3). Moving the PIPOx-block close to the core
results in a tremendous sharpening of the transition peak
compared to the free block copolymer with peak width being
only 3.5% of the free polymer peak width (Figure 4C and D,
Table 3). A plausible explanation for this effect in line with the
interpretation of the shifts in transition temperature measured
by DSC and DLS is that the outer PIPOx-block displays similar
behavior to a free polymer chain, hardly interacting with
neighboring PIPOx-chains, whereas the inner PIPOx-block in
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1 K min™, 20 to 90 °C, curves normalized on MW of the individual PIPOx-blocks.

its confined geometry of a melt-like chain density”® dehydrates
in a concerted, codependent fashion.

The transition enthalpy is also strongly affected by the
grafting process.”"? The free block copolymers display
transition enthalpies of 5.5—6.4 kJ (mol repeating unit)”’,
which are equal to breaking of one hydrogen bond per
repeating unit.”’ After grafting, the enthalpies are strongly
reduced to values of 0.83 and 0.58 kJ (mol repeating unit)~" for
FeOx@PEtOx-b-PIPOx and FeOx@PIPOx-b-PEtOx, respec-
tively. Thus, the transition enthalpy is significantly lowered after
grafting, which is more pronounced for the PIPOx-block close
to the core (FeOx@PIPOx-b-PEtOx) compared to the polymer
segments in the outer shell (FeOx@PEtOx-b-PIPOx). Still, the
outer segments of the spherical brush also experience a drastic
reduction in transition enthalpy, indicating that these segments
are far from the hydration state of a free polymer coil. This
indicates that most of the outer part of the polymer shell is also
in a brush rather than mushroom state. It can be assumed that
this effect can be weakened by further distancing the PIPOx-
block from the core. The smaller number of hydrogen bonds
being broken for grafted PIPOx suggests that they also collapse
to a lower extent than free polymers. This is assumed to be the
main reason for the low aggregate size of grafted SPION
compared to free polymer coils observed by DLS. A recent
study on SPION grafted with PNIPAM showed that the
aggregate size is highly affected by the dispersant molecular
weight. Thus, extension of the thermoresponsive blocks could
lead to larger aggregate sizes."”
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These results show that DLS and DSC are complementary
techniques to investigate temperature-triggered solubility
transitions of nanoparticles. Although DSC measures changes
in enthalpy mirroring the breaking of polymer—water hydrogen
bonds, DLS measures changes in hydrodynamic size, allowing
for monitoring swelling of the shell and aggregation of
thermoresponsive SPION.

B CONCLUSIONS

Two polyoxazoline block copolymers functionalized with
nitrodopamine were used for the preparation of core—shell
SPION with shells having two distinct solubility transition
temperatures of the shell. The combined results of determining
transition temperatures by DLS and DSC and transition
enthalpy by DSC clearly show the strong impact of the grafting
process on the thermoresponsive properties of the polymer. We
demonstrate that this effect is not uniformly imposed
throughout the shell but much stronger (lower CST, narrower
and smaller endothermic peak of the transition) close to the
particle core where the polymer segment density is very high.
Clearly, the evidence is strong for different regimes in a
spherical brush being characterized by different hydration states
as well as different interactions with the core and neighboring
chains. The outer segments experience less sterical crowding,
but nonetheless, a significant reduction of their responsiveness
is observed as a result of the grafting.

Furthermore, the aggregation of SPION grafted with block
copolymer leads to significantly smaller clusters than for the
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equivalent free coil block copolymers despite the effectively
higher molecular weight of the grafted nanoparticles than of the
free coils. The steric repulsion and reduced interpenetration of
polymers in the nanoparticle shells therefore seem to outweigh
the molecular weight effect previously observed to lead to larger
aggregates for higher molecular weight polymers.

SPION grafted with block copolymer can be thermally
switched in two steps, although heating above the critical
solution temperature of the PEtOx-block results in strong
aggregation that hinders redispersion. Further tuning of the
composition and molecular weight of the blocks could thereby
possibly be used to reversibly alternate between multiple
particle hydrodynamic sizes and colloidal aggregation states. In
future studies, we will therefore aim to create shells that from
structure and composition allow us to magnetically control
thermal change of size and aggregation state without affecting
the bulk water temperature, something that has previously
proven elusive due to either overall compromised colloidal
stability or too fast heat diffusion through the shell to allow
thermal switching of the shell. Such exquisite all-magnetic
control over functionality and aggregation could be used to
realize new extraction and purification schemes for biotechno-
logical separation as well as medical imaging and hyperthermia
applications.
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