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Responsive Macroscopic Materials From Self-Assembled 
Cross-Linked SiO 2 -PNIPAAm Core/Shell Structures
 A way to obtain macroscopic responsive materials from silicon-oxide polymer 
core/shell microstructures is presented. The microparticles are composed 
of a 60 nm SiO 2 -core with a random copolymer corona of the temperature 
responsive poly- N -isopropylacrylamide (PNIPAAm) and the UV-cross-linkable 
2-(dimethyl maleinimido)- N -ethyl-acrylamide. The particles shrink upon 
heating and form a stable gel in both water and tetrahydrofuran (THF) at 
3–5 wt% particle content. Cross-linking the aqueous gel results in shrinkage 
when the temperature is increased above the lower critical solution tem-
perature and it regains its original size upon cooling. By freeze drying with 
subsequent UV irradiation, thin stable layers are prepared. Stable fi bers are 
produced by extruding a THF gel into water and subsequent UV irradiation, 
harnessing the cononsolvency effect of PNIPAAm in water/THF mixtures. 
The temperature responsiveness translates to the macroscopic materials as 
both fi lms and fi bers show the same collapsing behavior as the microcore/
shell particle. The collapse and re-swelling of the materials is related to the 
expelling and re-uptake of water, which is used to incorporate gold nano-
particles into the materials by a simple heating/cooling cycle. This allows 
for future applications, as various functional particles (antibacterial, fl uores-
cence, catalysis, etc.) can easily be incorporated in these systems. 
  1. Introduction 

 Smart systems are essential for the development of new functional 
materials due their responsiveness to external stimuli. [  1–3  ]  This 
responsiveness allows materials to be switched between different 
states; most often between solubilized and non-solubilized, which, 
in general, induces aggregation. However, the effects are mostly 
confi ned to spherical nano- and microstructures [  4  ,  5  ]  and surface 
confi ned thin fi lms [  4–7  ]  and it remains challenging to process the 
nano- or microstructures into macroscopic materials. [  8  ,  9  ]  Nonethe-
less, signifi cant advances have been made recently with wrinkle-
guided microgel-fi ber formation with fi ber lengths several orders 
of magnitude larger than their thickness. [  10  ]  
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 Switching between states can be 
induced by a change in pH, [  11  ]  tempera-
ture, [  12  ]  ionic strength, [  13  ]  or light. [  14  ]  It can 
be performed in systems composed of 
small molecular components [  15  ]  as well as 
in polymeric systems. [  16  ,  17  ]  Especially the 
latter are very attractive as they pose the 
possibility of a cooperative effect: an effect 
induced by multiple monomeric subunits 
inside a polymeric strand induces a larger, 
and often a more controlled and directed 
effect than the single monomers alone. 
Well-known polymeric systems with this 
type of cooperative effect are based on 
poly- N -isopropylacrylamide (PNIPAAm). 
Responsive systems composed of PNI-
PAAm are able to alter their morphology 
when the temperature is changed, due to 
the polymer’s lower critical solution tem-
perature (LCST) in water, rendering it 
insoluble at elevated temperatures. [  18  ,  19  ]  

 Cross-linked PNIPAAm in water is 
able to form macroscopic gels, leading to 
a system that can be to switch between 
different gelated, soluble and insoluble 
states. [  20  ,  21  ]  When heated, the system col-
lapses and upon cooling the system re-absorbs the water and 
swells again (LCST behavior). This feature has been particu-
larly attractive in aqueous microgel systems, [  22  ]  a well-defi ned 
nano- to microscaled spherical system composed of polymers 
with about 90% of the total mass consisting of entrapped sol-
vent. [  23  ]  These confi ned responsive gel systems are attractive 
for delivery purposes [  24  ]  and are also often used in core/shell 
structures. [  25  ]  The collapsing of the polymers around a central 
core induces a controlled motion of the polymers, resulting 
in a decrease in diameter. In such structures, the core is of a 
different nano-sized material [  26  ]  e.g., polymeric, [  27  ]  inorganic 
(SiO 2 , [  28  ]  Au, [  29  ,  30  ]  Ag, [  31  ]  semiconductor materials, [  32  ]  Fe [  33  ,  34  ] ), or 
even proteins. [  35  ,  36  ]  The inner core adds new functionalities to 
the microgel-like structure in the form of either light-triggered 
heat dissipation (Au, specifi c plasmon absorption), [  37  ]  antibac-
terial properties (Ag, release of Ag-ions), [  38  ,  39  ]  or fl uorescence 
(CdS/Se, quantum dots). [  40  ]  Consequently, polymer–nano-
particle hybrid materials are an interesting class of materials, 
uniquely enhancing the properties and responsiveness of poly-
meric materials, even when not covalently bound. [  41–44  ]  

 Here we discuss the fabrication of macroscopic materials 
in the form of fi bers and thin membrane-like fi lms using 
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     Scheme  1 .     Synthetic route for the temperature-responsive SiO 2 -polymer 
core/shell structures. The SiO 2  nanoparticle core is synthesized via the 
Stöber procedure [  49  ]  followed by surface modifi cation and polymerization. 
Upon raising the temperature above the LCST, the PNIPAAm shell col-
lapses around the core due to dehydration of the polymer.  
SiO 2 -PNIPAAm core/shell microparticles with 2-(dimethyl 
maleinimido)- N -ethyl-acrylamide (DMIAAm) as an additional 
photoresponsive cross-linker. [  45  ]  The temperature responsive-
ness of SiO 2 -PNIPAAm particles is translated to the macro-
scopic materials, enabling the reversible collapse and swelling 
of these materials induced by a change in temperature. The col-
lapse and re-swelling was found to be a very convenient way 
of incorporating other nanomaterials, which remained con-
fi ned inside the SiO 2 -PNIPAAm macroscopic material after re-
swelling. This approach is more versatile than the synthesis of 
nanostructures inside polymer matrices. [  46  ]  The materials were 
formed utilizing freeze-drying and the cononsolvency effect, 
the insolubility of PNIPAAm in different solvent compositions. 

 These systems will have a signifi cant impact on preparing 
various new materials which can be used for reactive mem-
branes, reactive fi bers, and, due to the affi nity of cells towards 
PNIPAAm, it would also allow for the use as cell-culture 
scaffolds. [  47  ]    

 2. Results and Discussion  

 2.1. Synthesis and Characterization of SiO 2 -Polymer Core/Shell 
Microstructures 

 Compared to other reported core/shell structures, [  28  ,  48  ]  there 
are three distinct differences comprised in the present system: 
fi rst of all there is the lack of a conventional cross-linker, which 
binds the polymer chains to each other covalently around the 
inner core. In general, a  bis -acrylamide is used and it provides 
the features necessary to produce a microgel particle. The cross-
linking creates a network which accommodates signifi cant 
amounts of solvent but also inhibits the polymer chains from 
moving freely. Second, the polymerization was performed with a 
higher monomer-to-surface initiator ratio, in this case NIPAAm, 
which provides a shell around the inner SiO 2 -core that is much 
thicker than usually grown. Third, in addition to NIPAAm, a 
photoresponsive cross-linker has been copolymerized to obtain a 
random copolymer. The cross-linker is able to induce interchain 
cross-linking with polymer chains attached to the same SiO 2 -
nanoparticle as well as between different particles. Especially the 
latter enables the production of macroscopic stable structures. 

 PNIPAAm, being an LCST system, can be switched between 
hydrophilic and hydrophobic via changes in temperature. [  20  ,  21  ]  
Such responsiveness on the microstructure level ( Scheme    1  ) 
is also refl ected in the macroscopic material. The DMIAAm 
     Figure  1 .     TEM images of the synthesized SiO 2 -nanoparticles of 60 nm in diameter (A) and the 
core/shell microstructures of about 1  μ m after polymerization (B,C).  
is able to engage in a [2  +  2]-photocycliza-
tion reaction with another DMIAAm moiety, 
thereby creating a covalently bound system 
(Scheme  1 ), even after additional processing 
such as drying and extrusion.  

 The SiO 2 -(PNIPAAm) 100 (DMIAAm) 5  (sub-
scripts depict relative molar ratio) were syn-
thesized from SiO 2 -nanoparticles followed by 
surface modifi cation with methacryloxypro-
pyltrimethoxysilane (MPS) and subsequent 
emulsion copolymerization with NIPAAm and 
DMIAAm (Scheme  1 ). [  28  ]  The SiO 2  core nano-
particles were synthesized by the well-known 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1724–1731
Stöber method from tetraethoxysilane in ethanol (EtOH) and 
ammonia, as shown in Scheme  1 . [  49  ]  The particle diameter was 
found to be approximately 60  ±  3 nm ( Figure    1  A).  

 In our case, a tenfold excess of monomer was used and the 
 bis -acrylamide cross-linker was omitted. This results in core/
shell particles with an extremely thick polymer shell. This 
fi nding is rather surprising for a free radical polymerization. 
One explanation could be the formation of an emulsion during 
the polymerization (above the LCST of the polymer), which 
produces a confi ned space with higher viscosity infl uencing 
the reaction with respect to termination and conversion. This 
is known as the Trommsdorff–Norish effect or gel effect and 
causes autoacceleration of the reaction. [  66  ]  Also this may lead to 
interchain side reactions resulting in cross-linking that would 
add to the stability of the shell even without the addition of a 
cross-linker. Still, a higher individual polymer chain fl exibility 
is obtained in comparison to the systems where the grafted 
chains form a covalently bound network due to the addition of 
a cross-linker (e.g.,  bis -acrylamide). This synthetic protocol pro-
vides core/shell particles with a diameter of approximately 1  μ m 
as determined from dried particles by transmission electron 
microscopy (TEM) (Figure  1 B,C). The particles display a differ-
ence in density, which could be a drying effect during sample 
preparation, but are quite homogeneous in size. While some 
particles contain more than one core per core/shell structure, 
in most cases there is only one core present (Figure  1 B,C). 

 Dynamic light scattering (DLS) showed signifi cantly larger 
particle sizes ( ≈ 3–3.3  μ m,  Figure    2  ) in solution ( ≈ 0.1 mg mL  − 1  in 
1725wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     Hydrodynamic radius analyzed by DLS at various temperatures. 
The radius decreases gradually with increasing temperature from about 
1.5–1.8  μ m to  ≈ 220 nm due to the collapse of the PNIPAAm shell.  
MilliQ-water) at temperatures between 15 and 20  ° C. The hydro-
dynamic radius is inversely proportional to the temperature 
and steadily decreases until it reaches a plateau value of about 
220 nm at 34  ° C where the shell is fully collapsed. In solution 
the particles decrease down to 12% of their original size, which is 
similar to previously reported inorganic core/polymer shell struc-
tures. [  28  ,  48  ,  50  ]  As particle densities vary (cf. TEM images), their 
diameter determined by DLS fl uctuates at low temperatures.    

 2.2. Gelation Properties 

 It was found that at high SiO 2 -PNIPAAm-DMIAAm particle con-
centration the solution displayed such a high viscosity that fl ow 
was inhibited. A gel-like substance was obtained that can endure 
the inverted test tube test for several weeks without showing 
any sign of fl ow ( Figure    3  A). It is possible that, instead of fi ber-
like networks as is seen for low-molecular-weight component 
26 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  3 .     Photographs of SiO 2 -PNIPAAm-DMIAAm particles at concen-
tration of (from left to right) 40, 20, 10, 5, and 1 mg mL  − 1  in water (A) and 
of 1, 5, 10, 25, and 50 mg mL  − 1  in THF (B). At the highest concentrations 
stable gels were formed that did not have any noticeable fl ow.  
systems, [  15  ]  the nature of the soft-particle colloids transforms 
the colloidal solution to an “attractive” glass state (particle gel) 
that induces solidifi cation and provides tunable mechanical 
properties to the system. [  51  ]  The concentration of the core/shell 
particles was determined by freeze-drying 10 mL of gel and 
weighing the dry content. It was found that the dry weight was 
about 40 mg mL  − 1  of gel ( ≈ 4 wt%). From the gel of 40 mg mL  − 1 , 
a dilution series was prepared to investigate the critical gelation 
concentration (cgc). The dilution was performed by adding the 
appropriate volume of MilliQ-water to the gel after which the 
sample was repeatedly sonicated and vortexed until a homoge-
neous gel/solution was obtained. From this series it was found 
that the cgc is at approximately 31 mg mL  − 1 , as below this con-
centration the gel starts to display a fl ow.  

 Attempts were also made to prepare a highly concentrated 
solution in tetrahydrofuran (THF), using freeze-dried core/
shell particles and mix this in water to obtain a defi ned con-
centration since it proved diffi cult to solubilize the freeze-dried 
particles. However, an unexpected gelation process occurred. 
At a comparable concentration ( ≈ 50 mg mL  − 1 ) with respect to 
water, SiO 2 -PNIPAAm-DMIAAm also gelates THF, inhibiting 
the fl ow of the solution (Figure  3 B). Other solvents, both polar 
and non-polar, were examined and it was found that ethanol, 
toluene, and dimethylformamide (DMF) were also able to be 
gelated at 50 mg mL  − 1  while dichloromethane (DCM) did not 
gelate but gave a white suspension instead ( Table    1  , Supporting 
Information SI 1).  

 The polymer shell around the SiO 2 -core contains two respon-
sive components: DMIAAm, which is UV-responsive and is 
able to covalently cross-link when irradiated with UV-light, and 
PNIPAAm, which has thermosensitive properties. According 
to this, the hydrogel composed of the core/shell particles was 
irradiated with UV light while cooling at 0  ° C to prevent the 
gel from being heated above its LCST. The irradiation was per-
formed for three hours due to the high turbidity of the sample. 
Whilst, there was no visible difference between the cross-linked 
and the non-cross-linked gels, analysis by cryogenic scanning 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1724–1731

   Table  1.     Gelation behavior of SiO 2 -PNIPAAm-DMIAAm (cross-linked 
(c.-l.)) in different solvents, concentrations, and temperatures. Gel (G), 
turbid gel (TG), weak gel (WG), sticky gel (SG), reduced gel due to sol-
vent evaporation (RG), viscous solution (VS), turbid solution (TS), gel 
collapses and swells again after cooling (shrink). 

Solvent Concentration 
[mg mL  − 1 ]

4  ° C 20   ° C 50  ° C 20   ° C (after 
heating)

20  ° C 
c.-l.

50  ° C 
c.-l.

H 2 O 40 G TG MS TG TG shrink

 < 31 WG VS MS VS — —

 < 10 VS TS MS TS — —

THF 50 TG TG TG TG TG TG

25 TS TS TS TS — —

10 TS TS TS TS — —

DMF 50 G G G TG G G

Toluene 50 G SG G SG G G

EtOH 50 G WG RG — G RG

DCM 50 SG TS RG — — —
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     Figure  4 .     Cryo-SEM images of non-cross-linked (A,B) and cross-linked gels (C,D) in water at 
40 mg mL  − 1 . Although the visual appearances of the gels are very similar, the microstructure 
deviates signifi cantly. The non-cross-linked gel has a regular distribution of micrometer-sized 
low density structures; the cross-linked gel has smaller, denser spheres that appear to be con-
nected via thin polymer fi bers.  
electron microscopy (cryo-SEM) allowed for observation of a 
clear difference in morphology ( Figure    4  ). The non-cross-linked 
hydrogel displayed a closely packed ordering of spherical low-
density structures, the cross-linked gel showed smaller and 
denser spherical structures connected by thin fi bers. This is 
expected for intraparticle cross-linking in combination with 
interparticle cross-linking. Even though the morphology 
changes signifi cantly on a microscopic level, the gel appears 
opaque and behaves similar (inhibited fl ow) at room tempera-
ture (Supporting Information SI 2).  

 PNIPAAm will undergo a transition from its hydrated to 
its insoluble form upon raising the temperature above its 
LCST ( ≈ 30–35  ° C). Both cross-linked and non-cross-linked 
gels in water as well as in THF were investigated for their 
visual appearances and behavior at both ambient temperature 
      Figure  5 .    Photographs of the non-cross-linked gels in THF (left) and water (right) at ambient 
temperature (A) and 50 °  C (B). The THF gel remains stable and unaltered while the aqueous 
gel is transformed into a milky suspension. C) The cross-linked aqueous gels display a different 
behavior: Upon heating, the aqueous gel shrinks into a rubbery substance (left) while the non-
cross-linked gel turns milky (right). Cross-linked gel in THF does not display any changes at 
higher temperature (not shown). 
and 50  ° C, studying the materials’ thermo-
esponsiveness. At ambient temperature, gels 
were observed at 50 and 40 mg mL  − 1  in both 
THF and water. Both gels were whitish in 
color and the aqueous gel was slightly less 
transparent ( Figure    5  A). In contrast to the 
THF gel, increasing the temperature of the 
aqueous gel to 50  ° C transforms the sample 
into a milky suspension while the THF gel 
remained transparent and non-fl owing. After 
cross-linking via UV irradiation, neither 
gel showed any difference in appearance or 
behavior at ambient temperature and while 
the THF gel was not infl uenced by increasing 
temperature, the cross-linked aqueous gel 
turned white and shrank (Figure  5 C). This 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 1724–1731
produced a lump of gel with a rubbery 
appearance that could be taken from the vial 
(Supporting Information SI 5). The lump of 
gel slowly became more transparent upon 
cooling from 50  ° C to room temperature but 
remained stable (Supporting Information 
SI 5). A shrunken gel left undisturbed while 
cooling adopts its previous shape again and 
displays the same nonfl owing properties and 
transparency as before.    

 In the following, we will describe two 
processing approaches that were followed 
to fabricate macroscopic structures in order 
to conveniently project the thermorespon-
sive properties of the microparticles onto the 
macroscopic materials.   

 2.3. Responsive Thin Films 

 The fi rst approach was creating a thin fi lm 
by taking the viscous solution of the parti-
cles in water and distributing it over a large 
surface while freezing it with liquid nitrogen. 
The frozen thin fi lm was then freeze-dried in 
order to remove all water, leaving behind a 
rather fl uffy and fl exible thin fi lm that could 
easily be handled without tearing or breaking 
(Supporting Information SI 3). The obtained material was 
treated with UV irradiation for 4–5 hours in order to cross-link 
the particles. This treatment adds stability and allows for rehy-
dration without destruction of the superstructure. Both cross-
linked and non-cross-linked materials were added to water and 
at fi rst both were hydrated and remained intact. However, while 
the non-cross-linked layer loses its integrity and slowly dissi-
pates, spreading across the water surface ( Figure    6  A), the cross-
linked material remained stable for several weeks, even when 
mildly shaken (Figure  6 B).  

 The fi lm could even be lifted with tweezers, immediately 
reshaping when re-submersed in water. The cross-linked fi lm 
was lifted onto a fl at silicon-substrate and analyzed in the dried 
state by scanning force microscopy (SFM) ( Figure    7  A–C). The 
microgel core/shell structures are clearly visible; the silicon 
1727wileyonlinelibrary.comheim
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     Figure  6 .     Thin hydrated SiO 2 -PNIPAAm-DMIAAm fi lms non-cross-linked 
(A) and cross-linked (B) fl oating on the water/air interface.  
oxide nanoparticle in the middle is surrounded by the polymer 
corona. The diameters of the spherical structures ( ≈ 500 nm) are 
smaller than the non-cross-liked ones, which is in accordance 
with fi ndings from cryo-SEM, indicating that the structures 
become smaller upon cross-linking. The packing is less dense 
as observed in cryo-SEM but the fi lm is analyzed in the dry state 
and a closer packing can therefore be expected. After removing 
parts of the fi lm by scratching with a cannula, the fi lm thick-
ness of the dried fi lm can be analyzed. From the height pro-
fi le, it can be seen that the thickness is in the range of about 
155 nm (Figure  7 B,C). Obviously, the microgel particles strongly 
deform upon drying on a solid substrate.  

 When the cross-linked thin fi lm prepared from the temper-
ature responsive core/shell structures is fl oated on top of the 
air/water interface, as shown in  Figure    8  A, it slowly turns from 
semitransparent to white and starts shrinking gradually upon 
raising the temperature to 50  ° C (Figure  8 B). It was found 
that upon cooling, the original state was recovered. Since the 
collapse and re-swelling of the SiO 2 -PNIPAAm-DMIAAm fi lm 
is associated with the expelling and re-uptake of water by the 
polymer shells, the aqueous phase was exchanged with a gold 
nanoparticle solution when the fi lm was in its collapsed state 
(Figure  8 B). Upon lowering the temperature, the fi lm swells 
again, taking up the surrounding aqueous phase containing 
the gold nanoparticles, which can be seen as darker areas in 
Figure  8 C. Though, the fi lm is not homogeneously colored, 
it is clear that this is a straightforward and convenient way 
of incorporating additional functionalities into these macro-
scopic structures. The particles remain inside the fi lm even 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

     Figure  7 .     Dried cross-linked microgel fi lm analyzed by SFM, which shows t
of closely packed core/shell structures displaying the silicon-core (indicati
after exchanging the nanoparticle solution for MilliQ-water 
and no apparent loss of color is visible, even after several 
days.  

 In order to prove that the gold nanoparticles are indeed 
incorporated into the microgel and not just adsorbed onto the 
surface, we performed TEM investigations. While these large 
and relatively thick fi lms are diffi cult to analyze by TEM, a sim-
ilar heat-cool cycle experiment in the presence of gold nano-
particles was performed with the individual microgels in solu-
tion. After the incorporation step, the microgels were isolated 
by selective precipitation via centrifugation. At low centrifu-
gation speed, the microgels could be separated from left-over 
gold nanoparticles. The isolated microgels were slightly purple 
colored. Analysis by TEM showed indeed that the small gold 
nanoparticles are incorporated into the shell of the microgel 
( Figure    9  ).  

 While gold nanoparticles and nanorods are able to transform 
photonic energy into heat, a similar approach would be pos-
sible for silver nanoparticles (antibacterial/catalysis), platinum 
nanoparticles (catalysis), semiconductor nanoparticles (fl uores-
cence), and even small molecular components such as antibi-
otics and other medicinal components, though in case of small 
molecules, diffusion out of the material after exchanging the 
solution will become more likely.   

 2.4. Responsive Self-Assembled Fibers 

 In addition to the approach of freeze-drying in combination with 
cross-linking it is also possible to prepare fi ber-like materials. 
Here we used the cononsolvency properties of PNIPAAm. [  52  ,  53  ]  
While PNIPAAm becomes less soluble at elevated tempera-
tures, it also becomes less soluble when certain cosolvents 
are added. In general these can be different alcohols [  54  ,  55  ]  but 
also THF. [  56  ,  57  ]  The solvent composition affects the LCST and 
in some compositions the transition temperature drops dras-
tically, rendering PNIPAAm also insoluble at room and lower 
temperatures. [  52  ]  We used this property to extrude a THF gel 
of SiO 2 -PNIPAAm-DMIAAm particles through a small diam-
eter needle into a thin layer of hot water. The gel that is pushed 
out instantly forms a thin collapsed fi ber and does not lose its 
integrity. [  67  ]  After the water is removed the particles inside the 
fi bers are cross-linked with UV-light for about four hours. Upon 
rehydration by submersing them in water ( Figure    10  A), they 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1724–1731

he height (A) and cross-section (B) of a scratched surface (C) and contours 
ng with arrows) surrounded by a polymer corona.  
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     Figure  8 .     Photographs of a cross-linked fi lm of SiO 2 -PNIPAAm-DMIAAm at ambient tempera-
ture (A) and in the shrunken state at 50  ° C (B). When the aqueous phase is exchanged for a 
gold nanoparticle solution in the collapsed state and cooled to room temperature the gold 
nanoparticles are readily taken-up by the fi lm and remain there even after exchanging the solu-
tion for fresh pure water (C).  
retain their integrity and are even strong enough to be taken 
out by tweezers (Figure  10 B). The fi bers are very hydrophilic, as 
can be inferred from the meniscus forming at the water/fi ber 
interface. As soon as the fi ber is completely removed from the 
water, it wraps around the tweezers until it is placed back into 
the water, where is retakes its shape.  

 The fi bers, much like the particles and thin fi lms, are also 
thermoresponsive, as increasing the temperature renders the 
fi ber thinner and shorter (Supporting Information SI 4). Also, 
collapsing in an aqueous gold nanoparticle solution and slowly 
decreasing the temperature re-swells the fi ber, taking up the 
nanoparticles. In  Figure    11  A, fi bers with (dark) and without 
(slightly white) incorporated gold nanoparticles are shown in 
clean water. Analyzing the dried fi ber by SEM reveals a diam-
eter of about 900  μ m (Figure  11 B). Instead of being covered 
with gold nanoparticles homogenously, they appear in patches 
(Figure  11 C,D). This straightforward approach of incorporation 
of different species would allow for the fabrication of multire-
sponsive and functional self-assembled cross-linked fi bers.  

 This shows that collapsing-reswelling of the microgel via a 
heat-cool cycle is very effi cient in incorporating additional par-
ticle functionalities. Thin fi lms and fi ber for materials such 
as membranes or responsive porous surfaces can easily be 
modifi ed via this approach. We are currently investigating the 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 1724–1731

     Figure  10 .     Photogr
SiO 2 -PNIPAAm-DM
subsequently collec
(A). The fi bers are s
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     Figure  9 .     TEM analysis of gold nanoparticles incorporated into the core/
shell microgels. The nanoparticles are confi ned to the shell of the microgel 
indicating that indeed the particles are taken-up via the heat-cool cycle. 
Dotted line indicates the gel-confi ned particles.  
viability of the approach to test for further 
incorporation of functional particles such as 
reactive nanoparticles or protein structures.    

 3. Conclusion 

 Core/shell microgel-like structures with respon-
sive properties towards, e.g., temperature and 
pH, are promising for nanomaterials with pos-
sible applications in controlled drug-release 
systems, [  58  ,  59  ]  biomedical applications, [  60  ]  bio-
sensors, [  61  ]  responsive interfacial stabilization 
in e.g., Pickering emulsions, [  62  ,  63  ]  and for the 
formation of stable capsules. [  64  ]  The properties 
found in this investigation extend these pos-
sible applications and functions to macroscopic materials. It was 
1729wileyonlinelibrary.comheim
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     Figure  11 .     Photograph of two fi bers, collapsed and re-swollen, in a gold nanoparticle solu-
tion and transferred to a clean aqueous phase (black arrow) together with a particle-free fi ber 
(white arrow) (A). The difference in color, given by the incorporated gold nanoparticles is clearly 
noticeable. SEM images with different enlargements of a dried fi ber that contains gold nano-
particles (B–D). The particles are not distributed evenly but appear in small patches across the 
fi ber. The crystals observed in (C) are most likely salt.  
found that for SiO 2 -PNIPAAm-DMIAAm core/shell structures, of 
which the polymer corona is in the range of several hundreds of 
nanometers in thickness, the overall micrometer-sized structure is 
able to gelate various polar and non-polar solvents. In particular, 
water-based gels are of interest as aqueous systems as they have the 
possibility to be compatible with biological systems, are useful for 
medical applications, and THF in combination with water induces 
a co-nonsolvency effect. This effect was used here to produce easily 
processable fi ber structures. The extruded fi bers remain stable 
upon dilution due to the insolubility of the THF gel in water. The 
stability is of suffi cient time to isolate the fi bers and to cross-link 
the particles. The fi bers are very fl exible and other nanocomposites 
can be embedded into the fi bers via an easy shrinking–swelling 
procedure. Thin fi lms, which were prepared by freeze-drying 
in combination with UV cross-linking in the solid state, present 
equal opportunities. Both thin fi lms and fi bers have many poten-
tial applications and further investigations with respect to their 
application in embedding materials for cell adhesion, membranes, 
and responsive fi bers are currently under investigation.   

 4. Experimental Section  
 General Information : Solvents (HPLC-grade) and chemicals were 

purchased from Sigma Aldrich and used without further purifi cation 
unless stated otherwise. NIPAAm (99%, Aldrich) was purifi ed by two 
successive recrystallizations in a mixture of n-hexane and benzene (4:1 
v:v). The photoresponsive cross-linker was synthesized according to a 
literature procedure from Kuckling et al. [  45  ]  The gold nanoparticles where 
synthesized according to literature. [  65  ]  UV irradiation of the cross-linker 
was carried out with a 400 W UV lamp (Panacol 400F), with emitting light 
with a wavelength   λ   between 315 and 400 nm. TEM imaging was done by 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
placing a drop of solution on a carbon-coated copper 
grid and subsequent removal of excess liquid with 
fi ltration paper after approximately 1 min in ambient 
atmosphere. The analysis was performed on a ZEISS 
LIBRA120 PLUS electron microscope, operating at 
120 kV. (Cryo-)SEM images were taken using a Hitachi 
S-4800 fi eld emission scanning electron microscope 
(FESEM) operating at 1–2 kV and 10  μ A current. 
Samples for cryo-SEM were placed on a carbon-coated 
grid and plunged in liquid nitrogen for freezing. 
The images were obtained after partly sublimation 
of the surface. SFM images were taken on a Veeco 
Instruments scanning force microscope operating on 
Nanoscope software.  

 Synthesis SiO 2 -Nanoparticles : The preparation of 
silica nanoparticles (SiNP) was carried out by the 
Stöber Method. [  49  ]  The average size obtained was 
about 60 nm. A mixture of pure ethanol (50 mL) and 
aqueous ammonia (29%) (4 mL) was heated to 60 
 ° C and stirred at 100 rpm in a round fl ask equipped 
with a refl ux condenser. After 30 min of equilibration 
time, tetraethoxysilane (TEOS) (1.5 mL) was added 
to the solution. The solution became turbid about 
1 h after the addition of the TEOS. The resulting 
dispersion was stirred overnight at 60  ° C. After 
24 h the colloidal dispersion was cooled to room 
temperature, purifi ed by centrifugation (30 min at 
9000 rpm), and re-dispersed in pure ethanol (50 
mL) (3 times in total).  

 Surface Modifi cation of SiO 2 -Nanoparticles with 
MPS : In order to functionalize the particles, the 
SiO 2 -NP dispersion in ethanol (15 mL) was mixed 
with methacryloxypropyltrimethoxysilane (MPS) (15 
 μ L) and stirred overnight at room temperature, followed by heating to 80 
 ° C for 1 h to ensure covalent bonding. The functionalized particles were 
cooled to room temperature, purifi ed by centrifugation (30 min at 9000 
rpm), and re-dispersed in solvent (15 mL) (2 ×  in ethanol followed by 2 ×  
in MilliQ- water).  

 Surface Polymerization : Synthesis of the polymer shell was carried 
out by conventional emulsion polymerization. [  28  ]  A degassed solution of 
NIPAAm (11.3 g, 100 mmol) and DMIAAm (1.0 g, 5 mmol) in MilliQ-
water (800 mL) was prepared in a three-neck round fl ask equipped with 
a refl ux condenser and the solution was heated to 40  ° C. The SiO 2 -NP 
dispersion was added to the emulsion which was then heated to 70  ° C. 
After 1 h of equilibration time, aqueous potassium peroxodisulfate (KPS) 
solution (1 mL) (1 mg mL  − 1 ) was added to start the polymerization. The 
emulsion became turbid after approximately 30 min. The polymerization 
was allowed to react for 4 h. The mixture was cooled to room temperature 
and stirred overnight. The SiO 2 -PNIPAAm-DMIAAm particles were 
purifi ed by centrifugation (60 min at 11 000 rpm) and re-dispersion in 
MilliQ-water.   
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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c)   P. R.   Dvornić  ,   M. S.   Jaćović  ,  Polym. Eng. Sci.   1981 ,  21 ,  792 .  

    [ 67 ]   Extruding in water at ambient temperature produces thicker fi bers. 
However, it was found that increasing the temperature results in 
denser fi ber. While in this process, the solvent composition inside 
the fi ber cannot be controlled precisely, it yields better results than 
just injecting an aqueous gel into hot water.   
1731wileyonlinelibrary.commbH & Co. KGaA, Weinheim




