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containing triblock copolymer membrane is about 4 nS higher
than that of the protein-free membrane. This suggests that 27
maltoporin trimers are inserted. The same preparation was
subsequently polymerized with UV light. Interestingly the
conductance decreases considerably. This could reflect a
closure or an expulsion of some of the channels during the
crosslinking reaction, probably due to internal stress occur-
ring in the membrane during the polymer chain reaction
which may lead to a steric contraction of the hydrophilic
blocks of the polymers.*® Such a steric contraction should
depend sensitively on the length of the hydrophilic blocks.
This remains to be clarified. This argumentation is also
supported by the slight decrease in conductance observed in
the protein-free membrane during the crosslinking reaction
(see Figure 4). Presumably, the polymerization induces a
reorganization within the films that allows small membrane
defects to be healed.

The remaining maltoporin-trimers in the polymerized
PMOXA-PDMS-PMOXA triblock copolymer membrane
were subsequently titrated with maltooligosaccharides (mal-
todextrin). Figure 4 shows the conductance of the polymer-
ized membrane during stepwise addition of 6 pL of a 10~'m
maltohexaose solution. Analysis of the conductance data in
the usual way['>'®! gave a binding constant of K =7100m~!
between the proteins and the sugar. The sugar affinity
constants for maltoporin within the polymerized triblock
copolymer membrane were the same and in good agreement
with previous investigations on maltoporin in conventional
lipid membranes.'> "I Evidently, the conformation of the
protein is not influenced by the surrounding membrane and
its functionality is fully preserved.

The present investigations show clearly that a functional
reconstitution of membrane proteins can be achieved in
completely artificial ultra-thin films. This opens the possibility
to benefit from the enhanced stability and diversity of such
block copolymer aggregates and to incorporate membrane
proteins into such a complete artificial polymer membrane.
The resulting protein—polymer hybrid materials can be
expected to possess great potential for applications in the
area of diagnostics, sensor technology, protein crystallization,
and even drug delivery.
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Direct Observation of the Lower Critical
Solution Temperature of Surface-Attached
Thermo-Responsive Hydrogels by Surface
Plasmon Resonance**

Erik Wischerhoff,* Thomas Zacher,
André Laschewsky,* and El Djouhar Rekai

Affinity biosensing is an important method for the inves-
tigation of biochemical binding processes: it allows the
monitoring of biomolecular interaction in real time and
therefore enables the user to deduce kinetic constants from
experimental data.ll One of the most popular transduction
principles in affinity biosensing is surface plasmon resonance
(SPR).”) The excitation of surface plasmons in thin metal
films—usually gold—by totally internal reflected light can be
observed as a minimum in the intensity of the reflected light at
a certain angle of incidence Ogpr, the resonance angle.
Changes of the refractive index in close proximity to the gold
surface lead to a shift in the resonance angle. SPR offers the
advantage of interaction measurements in real time and does
not require labeled analytes.!

An important prerequisite for the success of affinity
biosensing is a chemically tailored sensor interface. Typically,
hydrogels are employed as a biocompatible matrix to prohibit
the denaturation and to maintain the unique functions of
biomolecules which are covalently immobilized at sensor
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interfaces.l Frequently, polysaccharides have been chosen for
such hydrogels.®! Although they fulfil this task in many
respects satisfactorily, synthetic hydrophilic polymers are
attractive alternatives as they offer some advantages. First,
they may be more resistant to harsh conditions (strong acids,
fouling etc.). Second, they provide the opportunity to create
polymers with new physical properties by tailoring their
structure. An impressive example for the potential provided
by tailored hydrogels are so-called thermo-responsive or
thermo-sensitive hydrogels.®]

The behavior of thermo-responsive polymers in aqueous
media often contradicts intuition because they generally
exhibit a lower critical solution temperature (LCST). Upon
heating, when the temperature increases beyond a certain
value commonly referred to as the cloud point, they precip-
itate from solution. Thermo-responsive hydrogels should
undergo an analogous transition even under the particular
conditions existing in confined space at a surface.’! Such a
behavior is of special interest for applications at sensor
surfaces because it allows one to switch their properties, or to
introduce new functionalities. Some applications already
utilize the phase transition on a solid surface.’] However,
such a transition has not yet been directly observed at an
interface up to now. Herein, we report the direct observation
of the LCST of a new thermo-responsive hydrogel linked to a
gold surface by using surface plasmon resonance.

The specific balance of hydrophilic and hydrophobic groups
is a characteristic feature for many thermo-responsive poly-
mers exhibiting a LCST in aqueous solution.”! To control the
thermal transition temperature, we have modified water-
soluble precursor polymers by partial acylation.'’) Compared
to the widely applied approach of employing copolymeriza-
tion, this strategy facilitates the making of chemically
homogeneous, random copolymers, thus enabling a sharp
transition in priciple. The precursor polymer chosen for this
work was poly-N-[tris(hydroxymethyl)methyl]acrylamide (P-
THMA; see inset in Figure 1) that is known for biomedical

applications.'!l Partially acetylated P-THMA derivatives
exhibit a LCST in aqueous solution,'”! the observed cloud
points depending on the concentration. P-THMA bearing
40 mol % of acetoxy groups covers the physiologically inter-
esting temperature range of 20 to 45°C (Figure 1).

However, it is not evident how polymers that are thermo-
responsive in solution will behave when grafted to a surface.
For measuring the temperature-dependent conformational
state of the grafted polymers, we have used a SPR-prototype
setup (BioTul AG, Munich, Germany). Because the evanes-
cent field of the surface plasmons decays exponentially from
the surface, the collapse of the hydrogel when passing the
cloud point will change the local average refractive index
(Figure 2). Consequently, it should be possible to track the
collapse by monitoring the angle shift in the intensity
minimum.

T« LCST
T = LCST
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Figure 2. Schematic representation of the thermo-responsive effect of
acetylated P-THMA attached to a gold surface as determined and
quantified with SPR. The phase transition occurs at LCST~26°C.

The SPR setup used employs a diode laser (A =784nm) as
light source and an angular resolution of 0.005° is available.
The monochromatic light is directed through a cylindrical
prism to a gold-coated glass slide (BK7 glass, n=1.511)
coupled through immersion oil to the glass prism. The
intensity of the reflected light was measured by a photodiode
as a function of the angle of incidence.

In the experiments, pure P-THMA and partially acetylated
P-THMA were chemisorbed on gold through their terminal

disulfide groups and then the coated sub-
strates were immersed in water which

20

A

-
\\

o] HaG | 0.50
s /\/OM .
SN N CN J—np PR

resided in a flow chamber. Water heated
stepwise to certain temperatures was in-
R jected into the flow chamber and SPR

0 o) L0.25

© 04° measurements were carried out simultane-
ously (Figure 3). Several single measure-

[~ 0-40 ments were averaged to filter the noise.
7 A polynomial fit to the data points of
- 0.35 simple P-THMA (Figure 3, open circles)
serves as a reference curve and reflects the
| 030 temperature dependence of the refractive

index of water in accordance with the data
listed by Schiebener et al.'?l The average
slope of the curve amounts to

LCST/°C

Figure 1. Dependence of the LCST of aqueous solutions of acetylated P-THMA on the molar
fraction of acetylation y (concentration 20 gL~!; open circles) as well as on the polymer
concentration ¢ (degree of acetylation 40 %; filled triangles). The lines only serve as a guide to the
eye and have no physical meaning. The inset shows the structure of P-THMA with the azo initiator

fragment which bears disulfide moieties.
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100 —0.011 degK~! which equals a tempera-

ture-dependent change of the refractive
index of water of —1.0 x 10~#K~L

The analogous measurements carried
out on modified P-THMA bearing 40 %
of acetylated hydroxy groups are shown in
Figure 3 (filled circles). Apart from the
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chemisorption of such polymers leads
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Figure 3. Open circles: Ogpr(T) of non-stimuli-responsive P-THMA. The curve reflects the evolution
of the refractive index of water with temperature and serves as a reference. Filled circles: Ogpr(T) of

acetylated P-THMA (degree of acetylation 40 % ). The collapse of the hydrogel at 7=LCST leads to a
significant shift A@gpg, indicating the phase transition as visualized in Figure 2.

overall decrease of the resonance angle with temperature,
there is a distinct change in the slope between about 26 °C and
28.5°C, leading to an offset of A@gpr =0.026°. This indicates
the phase transition of the acetylated P-THMA triggered by
the increasing temperature. Calculations based on applying
Fresnel equations!™ to a model layer system assuming
homogeneous layers reveal that the measured values of
Ogpr(T) and the observed shift of AB@gpr =0.026° correspond
to a swollen hydrogel film which is approximately 60 nm thick
at T< LCST, and which collapses to a 5.7 nm thick film when
the temperature exceeds the LCST. For the collapsed hydro-
gel a refractive index of 1.478 was assumed, for the swollen
hydrogel a mixed refractive index of 1.344 calculated accord-
ing to Garnet.'Y The width AT of the phase transition can be
estimated to amount to AT~2.5°C and is believed to be
caused by the polydispersity of the compound. (A fully
acetylated sample from the same batch was analyzed by gel-
permeation chromatography. The resulting number for the
apparent polydispersity was 8.)

The thermal transition on the gold surface occurs at T~
26°C which would correspond to a concentration of about
15 gL' in aqueous solutions. However, the dimensions of the
collapsed and swollen hydrogel film as determined by the SPR
measurements imply a local concentration of the polymer in
the chemisorbed swollen hydrogel film of about 120 gL},
assuming a density of 1.2 gcm™ for the polymer. Two factors
may explain this difference: first, the temperatures measured
may be systematically slightly too high due to heat flow
effects, but, more important, it is very likely the steric
restrictions for the polymer chains at the interface have a
significant influence on the phase transition,[”) shifting the
transition temperature to higher values for polymer chains in
confined space. An analogous increase of transition temper-
atures was reported, for example, for surface-attached brush-
es of liquid crystalline polymers.['”]

In conclusion, controlled chemical modification allows one
to induce and to tune the LCST of well-known water-soluble
polymers, as in the case of acetylated P-THMA. The
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