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Stabilizing effect of TMAO on globular PNIPAM
states: preferential attraction induces preferential
hydrationf

Martin A. Schroer,*?° Julian Michalowsky,© Birgit Fischer,? Jens Smiatek* and
Gerhard Grubel®®

We study the effect of the organic co-solute trimethylamine N-oxide (TMAO) on the volume phase
transition of microgel particles made from poly(N-isopropylacrylamide) (PNIPAM) using dynamic light
scattering (DLS) and all-atom molecular dynamics (MD) simulations. The DLS measurements reveal a
continuous TMAO-induced shrinking process from a coil to a globular state of PNIPAM microgel particles.
Analyzing the DLS data by the phenomenological Flory—Rehner theory verifies the stabilization of the
globular state of the particles in the presence of TMAO. Complementary atomistic MD simulations high-
light a pronounced accumulation of TMAO molecules around PNIPAM chains. We observe a significant
preferential attraction between TMAO and the globular state of PNIPAM, which is additionally stabilized
by a larger number of hydrating water molecules compared to pure aqueous solutions. Further DLS mea-
surements were also conducted on PNIPAM suspensions with the co-solute urea added. The observed
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1 Introduction

Poly(N-isopropylacrylamide) (PNIPAM) is a thermoresponsive
polymer. A coil-to-globule transition in aqueous solution above
a lower critical solution temperature (LCST) can be observed
which makes PNIPAM attractive for biomedical applications.
The occurrence of the LCST can be explained by a temperature
induced change of the number of hydrating water molecules.>”
An early publication recognized the close relationship between
the coil-to-globule transition for PNIPAM and the cold denatura-
tion of proteins.® Over the last years, experimental studies also
focused on PNIPAM behavior in presence of aqueous osmolyte
solutions.”™*>
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differences compared with the results obtained for TMAQO support the proposed mechanism.

Naturally occurring osmolytes like urea, trimethylamine
N-oxide (TMAO) or hydroxyectoine are low weight organic
molecules which are part of an evolutionary strategy allowing
organisms to survive under extreme environmental conditions.*®
Thus, high temperatures, high pressures or high salinity signifi-
cantly harm the cell metabolism and induce the denaturation of
protein structures. Noteworthy, some bacteria as well as higher
organisms are able to survive under these extreme environmental
circumstances by producing osmolytes to counteract the osmotic
stress. Osmolytes like TMAO, hydroxyectoine and others
are known as protein protectants whereas urea, guanidinium
and some salts impose protein structure denaturation (protein
denaturants). It was argued'’>' that the delicate interplay
between denaturants and protectants balances the contributions
of the individual osmolyte species. Biological applications for
protein protectants include pressure stabilization,?*** fluidization
of membranes®**® and the stabilization of proteins in presence of
high temperatures.'®?® In contrast to the less often studied
protectants, the denaturing properties of urea and guanidinium
were discussed in a series of publications.**”* However, the
detailed underlying interaction mechanism between solutes and
osmolytes is yet to be clarified. As a more or less accepted
consensus, a preferential exclusion of protectants from the protein
surface is assumed whereas denaturants reveal a preferential
binding mechanism. The theoretical framework describing
these effects is given by the so-called law of matching water
affinities.®® Although being attractive due to its simplicity, recent
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articles demonstrated the limitations of this concept in terms of
concentration dependent binding effects for denaturants™~'** or
well-known protein protectants that indeed induce denaturation.*¢
Henceforth, the chemical properties of solutes and osmolytes
have to be studied in more detail for a deeper understanding
of the resulting accumulation behavior.”*° The properties
of osmolytes and their influence on PNIPAM were already
discussed in a series of publications.®”?7***17#* Recent experi-
ments and simulations, for example, revealed a preferential
binding of urea to PNIPAM which induces bridging effects that
stabilize globular PNIPAM states even below the LCST.'>"> In
contrast, more detailed studies for low urea concentrations
below 1 mol L' indicated a preferential exclusion mechanism
which stabilizes the coil state.'® Furthermore, it was also shown
by Micciulla et al.*® that urea reveals a concentration dependent
accumulation behavior. In fact, also the influence of TMAO on
PNIPAM has been studied just recently."”>'* Recent experiments'>
revealed that increasing concentrations of TMAO are accomplished
by a decrease of the LCST. The authors of this study attribute
their finding to the hydrogen bond cleavage of PNIPAM with
water molecules due to a direct binding of TMAO.

In this article, we study the behavior of PNIPAM in TMAO
solution by dynamic light scattering (DLS) experiments and
computer simulations. TMAO has recently attracted a lot of
interest due to its unique combined hydrophilic/hydrophobic
properties,® its effect on the structure of water,’®>° in combi-
nation with urea'®*>° and its protection against pressure dena-
turation of proteins.*>** Moreover, PNIPAM also reveals some
interesting co-nonsolvency effects in binary mixtures® whose
origin is still highly debated.”>>* Sophisticated theories were
also proposed to explain the observed effects of co-nonsolvency
and the variation of the LCST in presence of co-solutes.>*”> Our
experimental findings reveal a stabilization of the globular
PNIPAM state below the LCST in presence of TMAO. Atomistic
molecular dynamics (MD) simulations of a single PNIPAM
chain in solution were conducted to shed light on the under-
lying mechanism. We found a preferential attraction of TMAO
to the globular state, which is accompanied by a preferential
hydration of PNIPAM as represented by additional hydrogen-
bonded water molecules forming a thin water layer between
TMAO and PNIPAM. It has to be mentioned that the prefer-
ential hydration of proteins was already proposed to occur
uniquely in presence of a preferential exclusion behavior.”**”
In contrast to these assumptions, our results indicate that
protectants like TMAO preferentially accumulate around macro-
molecules which results in a preferential hydration of PNIPAM
due to the strong kosmotropic and hygroscopic properties of
TMAO. In fact, this mechanism, which was suggested for other
co-solutes like cryoprotectants,”®*® is in good agreement with
the experimental results and allows us a qualitative explanation
and interpretation of the DLS measurements. We also studied
the influence of urea on PNIPAM by DLS experiments which
additionally verifies our proposed mechanism due to the observed
deviations from the results found for TMAO.

The paper is organized as follows. In the next section we
present the theoretical background i.e. the Flory-Rehner and
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the Kirkwood-Buff theory in addition to a brief introduction
into DLS experiments, which are needed for a meaningful
interpretation of PNIPAM properties and the interaction with
osmolytes. In Section 3, we give a brief description of the
experiments and the simulation details. The results will be
presented in the fourth section. We conclude and summarize in
the last section.

2 Theoretical background
2.1 Flory-Rehner theory

The Flory-Rehner theory is a phenomenological theory to predict
the swelling behavior of gels,**"®> which can be also used to
describe the volume phase transition of PNIPAM macrogel®>®*
and microgel samples.®*"*® In short, a macromolecular gel is in
thermodynamic equilibrium if the osmotic pressure I in the
gel is zero, which yields for a neutral gel

i="2T (04 + ¢(4)) o
with
Q@) =[-¢ — In(1 — ¢) — 1¢”]
and
1
| o [\ (&3
)= Nel 2(%) (%)

where the first term describes mixed solvent and macromole-
cular contributions and the second term in eqn (1) expresses
the elastic contribution. Here, a is the monomer segment length,
kgT the thermal energy with Boltzmann constant kg and tem-
perature T and ¢ the volume fraction associated with the
microgel particle. Moreover, the value ¢, denotes the volume
fraction in the collapsed state. In case of a fully collapsed and
dry gel, one can find ¢, = 1, whereas ¢, < 1 indicates that the
gel, even in the collapsed state, is still slightly swollen.®>** The
average number of monomers between two cross-links is
denoted by N, which is also the average degree of polymeriza-
tion of the polymer chain. A large value of N, reveals a weakly
cross-linked network and thus a soft gel.®>°® The Flory solvency
parameter y describes the polymer-solvent interaction and can
be regarded as the central parameter in the phenomenological
Flory-Rehner theory. For y < 3, the polymer-solvent interactions
are energetically preferred whereas for y > 1 solvent-solvent
interactions are more favorable, which represents a poor
solvent for the polymer.®? Furthermore, the solvency parameter
depends on the change of the free energy AF when a solvent-
solvent contact is replaced by a solvent-polymer contact®® and
thus reads

(2)

AF  AH-TAS 1 ( H)
y = _

=——= ——— g1 -2

kgT kgT 2 T
where AH and AS denote the corresponding change of enthalpy
and entropy, respectively. In case of a volume phase transition,
both contributions reveal AH < 0 and AS < 0. The parameters
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A = (2AS + kg)/kg and 0., = 2AH/(2AS + kg) are directly related to
these quantities at the temperature 0,,, where y = % It was
previously found for PNIPAM chains, that y does not only
depend on the temperature but also on the volume fraction ¢
with ¥(T,¢) = ya(T) + 29 + O(¢*)°>°"°® where z,(T) reflects the
temperature dependence and is given by eqn (2). The usage of
these parameters up to the first order in ¢ has been shown to
give a good description of the experimental data.®*"*® Hence,
the volume phase transition temperature reads

A0,
(6) = ¢ =1 = ¢) + (43 )~ 1207

3)

Ty =

under the condition of thermodynamic equilibrium with {(¢)
as defined by eqn (1).

Hydrodynamic radii obtained via DLS experiments and
measured along the volume phase transition can be analyzed
using the Flory-Rehner theory in terms of the swelling parameter

_(Ra\_ ¢
*= <RH7ref) N d)() (4)

where Ry s denotes the hydrodynamic radius at a reference
state which we choose to be the swollen, expanded state. Thus,
for temperatures higher than the volume phase transition
temperature with « « 1, the combination of eqn (3) and (4)
allows us to refine the experimental data. As eqn (3) contains
several parameters, care has to be taken that the refinement
only yields physical meaningful results. We follow the approach
of Fernandez-Barbero et al.®* to avoid this ambiguousness.
First, the parameters were chosen such that 0 < y; < 1, and
second, 6, had to be close to the volume phase transition
temperature Ty, obtained by the minimum of the temperature-
derivative of the hydrodynamic radius. In addition, the volume
fraction in the collapsed state, ¢, and Ny had to be chosen
such that these have, within the error, the same value for all
different TMAO concentrations as the values of these parameters
should not be affected by the addition of osmolytes. Moreover,
72 was assumed to be temperature independent in agreement
with previous findings.®*"%°

2.2 Analysis of binding mechanisms

The Kirkwood-Buff theory allows us to study the accumulation
properties of osmolytes around macromolecules.®” The Kirkwood-
Buff (KB) integral in the uVT ensemble is given by

G = 4nJ;Or2 (gf;VT(r) — 1)dr (5)

with the radial distribution function g;(r) between molecular
species i and j.**°”77* Since the full integration of the KB integral
in computer simulations is not feasible, the introduction of a
cut-off radius is necessary.”””* In fact, the KB integrals can be
also evaluated in the NpT or NVT ensemble®®”® such that the

equation above can be rewritten as

Gij(re) = 4TEJ.;C,,2 (g!/_\/_/pT(,.) _ 1>dr (6)
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representing the excess volume of co-solute molecules j around
the solute i with the cut-off radius r..”* The solvent (water) will be
usually denoted by the subscript i,j = 1’, the solute (PNIPAM) by
‘2’ and the osmolyte (TMAO) by ‘3’.

In the following, we omit the cut-off radius for reasons
of clarity. The preferential binding coefficient v,; between
PNIPAM and TMAO can be obtained from the difference of
the KB integrals in accordance to

Va3 = p3(Gaz — Ga1) ™

where p; denotes the TMAO bulk number density. In fact, it was
discussed in ref. 70, that the preferential binding coefficient
in computer simulations for distances r > r. can be also
calculated by

nyt — (na3(r))

nt — (na1 (r))

v3(r) = (n23(r)) = {n21(r) (8)

where (n,,(r)) denotes the time averaged cumulative number of
molecular species (x = 1, 3) around the solute and 7" the total
number of molecules of species x in the simulation box. In
contrast to eqn (7), the preferential binding coefficient v,; in
eqn (8) is corrected for a finite number of simulated molecules
as it was discussed in ref. 70. A preferential binding behavior
can be detected for all values 1,3 > 1 whereas a preferential
exclusion of species ‘3’ around solute ‘2’ is present for all
values 1,3 < 1. The cumulative number of particles can be

calculated by
ny(r) = 41[pr R%’g(R)dR 9)
0

where p, represents the bulk number density of a specific
species. Moreover, the chemical equilibrium constant K can be
associated with the preferential binding coefficients of TMAO
to the coil and the globular PNIPAM conformation”® (5 for the
coil and 14; for the globular conformation) in terms of

<81n K (10)

| = Avyy =15, — 15
Jln a3> 23 23

with the chemical activity a; of TMAO. Eqn (10) can be inter-
preted as a shift of K to the conformation with a stronger
osmolyte accumulation. Another robust parameter to study the
osmolyte accumulation behavior is given by the local/bulk
partition coefficient'>**”* according to

({n23(r)) /{m21 (1))
("83/”(2)1)

where the brackets denote the average number of water (1)
or TMAO molecules (3) within a distance r to PNIPAM and
the superscript ‘0’ denotes the total number of TMAO or
water molecules in the simulation box. Thus, a preferential
exclusion behavior can be observed for K,(r) < 1 in contrast to
a preferential binding of the osmolyte for K,(r) > 1 at short
distances r.

Ky(r) = (1)
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2.3 Dynamic light scattering

It is possible to study the dynamics of colloidal particles
suspended in a solvent by dynamic light scattering (DLS).”” In
a typical DLS measurement, the temporal intensity fluctuations
of the scattering intensity I(g,t) from the sample illuminated
by laser light are recorded yielding the normalized intensity
autocorrelation function

(I(qg,0)1(q,t+ 1)),

1) (2)

2(q,7) =

4nn . S
where g = Tsm(@ /2) denotes the wave vector transfer with A

being the wavelength of the light, n the index of refraction of
the solvent and © the scattering angle, at which the scattering
signal is detected. The notation (...), indicates an average over
time and t denotes the lack time. For Gaussian statistics, the
normalized intensity autocorrelation function g,(g,7) is related
to the normalized field correlation function g;(g,r) with the
electric field E(g,t) of the scattered light

E(¢.0)E*(q,t + 1)
( )

gi\q,t) = 13
0 = g, )
via the so-called Siegert relation

£(g,7) = 1+ Blgu(g: 0 (14)

where 8 denotes the coherent contrast, which depends on the
degree of coherence of the light source and the actual align-
ment of the experimental setup. For laser sources, it is typically
close to a value of § = 1. For diluted suspension of colloidal
particles underlying Brownian motion, g;(g,7) = exp(—I'(q)7),
and thus

£2(¢,0) = 1 + fexp(—2I(q)7) (15)
such that the relaxation rate I'(g) is given by
I(q) = D-¢* (16)

with the translational diffusion constant D. In addition, the
hydrodynamic radius, Ry, of the colloidal particles can be
estimated via the Stokes-Einstein relation

kT
- 6mnD’

H %)
with the known viscosity  of the solvent. Thus, while perform-
ing temperature dependent DLS measurements of thermo-
responsive microgel particles, it is possible to study the volume
phase transition as a function of the osmolyte concentration in
terms of Ry.

From the recorded intensity autocorrelation functions, the
relaxation rate I'(g) at different scattering angles and tempera-
tures was obtained using the cumulant analysis of the g,(t)
function.”® For the whole analysis, the concentration depen-
dence of the index of refraction and the viscosity of TMAO”®””
and urea’®”® as well as the their temperature dependence®
were taken explicitly into account.
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3 Materials and simulation details
3.1 Sample synthesis and preparation

PNIPAM was synthesized via a free radical emulsion polymer-
ization process from the monomers N-isopropylacrylamide
(Aldrich >97%) and N,N’-methylenbisacrylamid (Fluka) with
a ratio of 98:2. The surfactant sodium dodecyl sulfate (Fluka,
>96%) was added to dissolve the monomer in water. Prior
of adding the initiator potassium peroxide disulfate (Merck
Millipore), oxygen was removed by flowing nitrogen through
the reaction mixture for an hour at a temperature of 7= 60 °C.
The initiator induces charged surface groups which are
intended to later stabilize the PNIPAM copolymer in water.
The co-polymerization has been performed for 5 hours at 60 °C.
After the reaction, the synthesis product was dialyzed for two
weeks against distilled water to remove residual ions. Diluted
suspensions of PNIPAM microgels with TMAO (Sigma Aldrich,
>99.0% purity) and urea (Sigma Aldrich, for molecular biology)
for concentrations from 0.7-2.7 M and 1.0-4.0 M, respectively,
were prepared by adding the corresponding quantities to the
solution. DLS measurements were performed with a 3D LS
spectrometer (LSinstruments, Fribourg, Switzerland) employing
a helium-neon laser (4 = 632.8 nm). Intensity autocorrelation
functions g,(t) were recorded at several scattering angles in order
to check the validity of eqn (16) for each sample and temperature
and to increase the statistical accuracy. The measuring time at
each angular position was 30 s. The PNIPAM suspensions with
different TMAO and urea concentrations were filled in glass
test tubes that were placed in a cis-trans decalin bath within
the spectrometer for index-matching. The temperature of the
surrounding cis-trans decalin bath was controlled with a pre-
cision of 0.1 K using a thermostat (Julabo Labortechnik GmbH,
Seelback/ Germany).

3.2 Numerical details

We follow a protocol which was recently used for the study
of PNIPAM and urea interactions in aqueous solution. For
more details we refer the reader to ref. 15. A PNIPAM molecule
with 24 monomers was studied by atomistic MD simulations
with the GROMACS 4.6.2 software package.® ™ Although the
number of monomers is small, it was shown in previous
studies," that this model can be effectively used for the study
of co-solute interactions. The AMBER force field parameters
for PNIPAM presented in ref. 7 were used to guarantee the
occurrence of the coil-to-globule transition at temperatures far
below 328 K.*” We ensured that non-ideal solution effects can be
omitted due to the simulation of low and intermediate TMAO
concentrations. Furthermore, we used Generalized Amber Force
Fields (GAFF)**® which were proven to produce reasonable
results for a broad variety of small organic molecules® and can
be consistently combined with the TIP3P water®” and the PNIPAM
force field. Typical swollen and collapsed PNIPAM configurations
were obtained by using the original metadynamics approach®-°°
as implemented within the PLUMED package.”’ The details
of the metadynamics simulations are presented in the ESL¥
We extracted the most reasonable swollen (radius of gyration

This journal is © the Owner Societies 2016
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R, = 1.4 nm) and collapsed state of PNIPAM (radius of gyration
R, = 0.8 nm) as found during the metadynamics simulation
and inserted them into cubic simulation boxes to study the
influence of TMAO concentrations of ¢ = 1.26 mol L™" and
¢=2.53 mol L™". In addition, we also performed simulations in
pure water. The position of the backbone C, carbon atoms were
kept fixed by using position restraints. Restrained positions
allow us to avoid sampling inaccuracies which were in more
detail discussed in ref. 15. We randomly inserted the corres-
ponding number of TMAO (130 and 260 molecules) and TIP3P
water molecules®” to model the required TMAO concentrations.
Electrostatic interactions for all systems were calculated by
the Particle Mesh Ewald method®® and all bonds were con-
strained by the LINCS algorithm.®® First, we performed an
energy minimization followed by a 2 ns warm-up run in a
NPT ensemble at 288 K and 328 K with the Berendsen barostat
and the Berendsen thermostat,”* followed by NPT simulations
of 50 ns for the production run with the same approach. The
average box length in the NPT simulations was [ = 5.055 nm and
the pressure was set to 1 bar.

4 Results and discussion
4.1 Experimental results

Fig. 1(a) depicts exemplary intensity autocorrelation functions
for PNIPAM particles in pure aqueous suspension at 7' = 22.5 °C
for four different scattering angles ©. The g,(g,r) functions
exhibit the typical @-dependence, i.e. shifting to smaller relaxa-
tion times for increasing scattering angles. For T — 0, the curves
have an intercept close to g,(¢,0) ~ 2 indicating a coherent
contrast of nearly § ~ 1 in accordance to eqn (14). For larger lack
times T > 0.1 s, all curves have the same baseline of g,(g,0) =~ 1.
The DLS data can be refined using the cumulant expansion of
eqn (15) shown by the solid lines to yield the relaxation rate I'(g).
The so obtained relaxation rates are plotted versus ¢> in Fig. 1(b)
for five representative temperatures. As it can be seen, the data
linearly follows eqn (16) which verifies a Brownian diffusion of
the microgel particles. There is a continuous increase of the
slope of the curves with increasing temperature indicating a

a) 2.0 b) 3500

3000,

13.0°C
225°C
33.0°C
37.5°C
4£0°C

4pono

2500,

r(g) s

2000,

8, (q:T)

1500

1000

500

1.0

10° 10t 10t 107 10

T [s]

1 0 1 2 3 4 5 6

¢ [nm™) x107
Fig.1 (a) Typical DLS intensity autocorrelation functions g.(q,z) of
PNIPAM particles in pure agueous suspension at T = 22.5 °C for four
different scattering angles ©. (b) Relaxation rate I'(g) as a function of g2 for
PNIPAM in pure water at different temperatures. Solid lines are linear
refinements to the data.
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decrease of the particle size which was verified by a linear fit
according to eqn (17) after inserting the values for the temperature.

After studying the pure water behavior, we focused on the
effects of osmolytes. Based on the DLS data, the temperature-
dependent hydrodynamic radii for different TMAO and urea
concentrations were obtained. Fig. 2(a) depicts the results for
TMAO concentrations from 0 mol L' (PNIPAM in pure water)
to 2.7 mol L ", For PNIPAM microgel in pure aqueous solution,
the temperature-dependent hydrodynamic radius decreases
linearly with increasing temperature up to T'= 35 °C. For higher
temperatures, a continuous volume phase transition occurs
which results in a rapid collapse of the microgel. The minimum
of the first derivative of Ry with respect to T yields the phase
transition temperature with T,,, = (38 &+ 1) °C in pure water
and in good agreement to previous results."® For T > 40 °C, the
volume phase transition is evident and the particle size only
slightly shrinks with increasing temperature. In contrast, decreasing
the temperature for particles which are in the globular, collapsed
state, enforces the reentrance of a swelling to the original larger
radii. Thus, the volume phase transition is fully reversible
in pure water. Such a volume-phase transition with a linear
temperature decrease is typical for microgel particles with added
cross-linkers.”>® Furthermore, the volume phase temperature
Tp, is higher for PNIPAM without cross-linkers (Tp, = 32 °C)” in
good agreement to previous findings.”®°® In contrast, the
presence of TMAO (cryao = 0.7 mol L) shifts the volume
phase transition to significantly lower temperatures. This effect
becomes even more pronounced for increasing TMAO concen-
trations. In addition, one can also recognize that the hydro-
dynamic radius of the PNIPAM microgel in the expanded, coil
state shrinks with increasing amount of TMAO in the suspen-
sion. For a TMAO concentration of ¢rvao = 2.7 mol L%, the
volume phase transition is shifted to such low temperatures that
it can be only partially resolved within the studied temperature
range. Notably, the hydrodynamic radii in the collapsed state are
nearly identical and do not depend on the TMAO concentration.
It has to be mentioned, that the volume phase transition was
fully reversible for all TMAO concentrations.

In order to quantify the effect of TMAO on the volume phase
transition of the PNIPAM microgel, the Flory-Rehner theory is

a’) ~ ® pure b) > ® pure
2008 g = 0.7M TMAO 50) = 0.7MTMAO
] 1.4 M TMAO 1.4 M TMAO
151 % * 2.0 M TMAO 4sm * 20M TMAO
L) ¢ 27MTMAO ¢ 27MTMAO
150 .' 40
E ¢ . 0 35
£ 125 iy, 90 &
=] * 3% .'.0 : 30)
<00t # TN :
L LI 25
st
Ty - \ 20
50 *’9]’- x) ]
;9 " 15 :
25| 16
10 15 20 25 30 35 40 45 50 55 0 02 04 06 08 1 12
T [°C] o
Fig. 2 (a) Hydrodynamic radius Ry of the PNIPAM microgel as a function

of temperature for different TMAO concentrations. (b) Temperature
dependence of the swelling parameter « for different TMAO concentra-
tions. Solid lines are refined to the data using the Flory—Rehner theory.
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used to refine the DLS data. Therefore, the swelling parameter o
is calculated from the hydrodynamic radii following eqn (4)
for each suspension. The reference point was chosen to be the
extended state close to the volume phase transition. The
so-obtained temperature-swelling curves are presented in
Fig. 2(b). The data were refined using eqn (3) with regard to
the conditions discussed before. The resulting fits are shown as
solid lines and a clear vertical shift of curves for different TMAO
concentrations indicates different values for the volume phase
transition temperature. The corresponding refinement para-
meters are presented in Table 1. Except for cryao = 2.7 mol L™"
for which the accuracy of the refinement is not high enough
with regard to the limited range of observable hydrodynamic
radii at low temperatures, all data can be fitted in reasonable
agreement with the Flory-Rehner theory. In terms of the results
shown in Table 1, one can observe a PNIPAM volume fraction
¢o between 0.40 to 0.50 for all TMAO concentrations. These
values indicate that the PNIPAM microgel particles still contain
a large amount of water above the volume phase transition
temperature, i.e. PNIPAM molecules are still partially swollen
even in the globular state.®*'°® For the average number of
monomers between two cross-links, Ny, a value between
800-900 is obtained indicating that the microgel is weakly
crosslinked. Both values for ¢, and Ng reflect that the PNIPAM
sample is very soft. The independence of these two quantities
on the TMAO concentration was used as a boundary condition
for the refinement by the Flory-Rehner theory. Here, it was
assumed that ¢, and N, should only depend on the synthesis
procedure and not on the direct presence of osmolytes. The
values of y, for different osmolyte concentrations are less
systematic and the changes are within the same range as the
experimental error.

The effect of TMAO on the volume phase transition is mostly
reflected by the values for A and 0,,. In fact, with increasing
TMAO concentration, one can clearly see that the temperature
0m decreases. In more detail, Fig. 3(a) shows the concentration
dependence of 6,,, on the TMAO concentration as well as the
corresponding phase transition temperature Ty,. The overall
decreasing trend is identical for both temperatures. Slight
discrepancies can be explained by the different methods the
temperatures were obtained (refinement by Flory-Rehner theory
or derivative of Ry;) and their exact definitions. Whereas 0., is
the 6-temperature at which the solvency parameter y =1, i.e. the

Table 1 Results of the refinement for the experimental DLS data with the
Flory—Rehner theory. Here, ctmao denotes the TMAO concentration,
¢o the volume fraction of the microgel in the collapsed state, Nge the
average number of monomers between two cross-links, y» the second
coefficient in the expansion of y, A and 0,, the central parameters of the
Flory—Rehner theory
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Fig. 3 (a) TMAO concentration dependence of the volume phase transi-
tion temperature T,, (black circles) and the parameter 0,, (red squares) of
the Flory—Rehner theory. (b) TMAO concentration dependence of the
enthalpy change AH (red squares) and the entropy change AS (black
circles) for the volume phase transition.

solvent-solvent and the polymer-solvent interactions cancel
each other, T, can be obtained by the inflection point of the
swelling curve. In contrast, the parameter A of the Flory-Rehner
theory increases with the amount of osmolyte in the suspension
(Table 1). Based on A and 0., the enthalpy change AH and the
entropy change AS of the volume phase transition can be
calculated by eqn (2). The corresponding values are shown in
Table 2. It has to be noted that the signs of both values AH and
AS have to be negative due to the onset of the volume phase
transition. With regard to our definition of the swelling para-
meter o, positive values of A and thus also of AH and AS were
obtained. In order to overcome this ambiguity, the signs of the
later two quantities were reversed to fulfill the requirements
for the presence of the PNIPAM microgel phase transition.
Except of this difference in the definition, all further results
are consistent with the general approach.

Fig. 3(b) depicts the concentration dependence of the enthalpy
and entropy change with TMAO concentration. Increasing the
concentration of TMAO leads to a continuous decrease of both
AH and AS. The result for AH indicates an increased stabili-
zation of the collapsed, globular state compared to the swollen
conformation with increasing TMAO concentration. Similarly,
the more negative values for the entropy change with increasing
TMAO concentration indicate a more ordered globular state
and its influence on the local aqueous environment. In the
remainder of this article, we will show that the changes in the
enthalpy and entropy upon transition between the coil and
the globular state of PNIPAM can be mainly attributed to the
properties of the local hydration shell and specific structural
properties of PNIPAM. Thus, a larger number of hydrating water
molecules and a stronger accumulation of TMAO molecules

Table 2 Change of the enthalpy, AH, and entropy, AS, in the collapsing
process of PNIPAM for different TMAO concentrations

c[M] o Nael 12 A Om [°C]  crmao [mol L7 AH [k] mol "] AS x 10? [k] (mol K)™']
0 0.45 £ 0.05 800 + 115 0.36 + 0.08 6.2 £ 0.5 38+1 0 —-16 + 1 —4.7 £ 04
0.7 0.50 £ 0.05 900 £100 0.30+0.10 8.0+05 3143 0.7 -20+1 —6.2 £ 04
1.4 0.40 £ 0.03 825 +100 0.10+0.05 94+05 29+1 1.4 —24 +1 —7.4+04
2.0 0.50 + 0.10 800 £+ 100 0.23 + 0.10 10 + 0.5 22 +1 2.0 —25+3 -7.9+0.8
2.7 0.50 £ 0.10 800 =100 0.11 + 0.10 11+1 18+ 3 2.7 —27 +3 —8.7£0.8
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around the globular state favors the collapse of PNIPAM at higher
TMAO concentrations. The enthalpy change can be therefore
mainly explained by the corresponding larger number of
hydrogen bonds in combination with more favorable electrostatic
and dispersion interactions. Moreover, it was shown that TMAO
increases the hydrogen bond strength between water molecules
and proteins which might induce a further stabilization of
PNIPAM"7'°%1%% in agreement with our simulation results.
In addition, previous experimental findings'®>'** revealed a
restriction of internal protein motion in presence of TMAO. In
combination with an increased order of the local hydration
shell around PNIPAM in presence of TMAO,*'°"'°? also the
observed entropy change upon transition becomes reasonable. In
fact, one can relate our observations to the well-known entropy-
enthalpy compensation principle,'® which also becomes evident
with regard to the comparable values for AH and TAS as shown in
Table 2. The above assumptions are verified by numerical results
presented in the remainder of this article.

4.2 Comparison with urea

Additional measurements on PNIPAM suspensions with differ-
ent urea concentrations were performed to study the influence
of a denaturing osmolyte on the volume phase transition
in comparison to TMAO. Fig. 4(a) shows the temperature
dependent hydrodynamic radii for several urea concentrations.
For a 0.8 molar urea concentration, there is only a slight shift of
the volume phase transition to smaller temperatures as well
as a slight decrease of the particle size. For a temperature
of Tager = (39 %+ 1) °C, aggregation of the microgel particles sets
in, leading to a strong scattering signal and deviations from
eqn (16). In contrast, for increasing urea concentrations, the
particle size becomes slightly smaller but remains swollen.
Moreover, for a 2 molar urea concentration, the volume phase
transition cannot be resolved but is obscured by the beginning of
aggregation. This effect becomes stronger as the urea concen-
tration is enhanced. For a 4 molar urea concentration, white
aggregates at high temperatures can be seen with the bare eye.
Noteworthy, cooling of the sample results in a disappearance of
the aggregates which indicates that the aggregation mechanism
is fully reversible. Fig. 4(b) shows the concentration dependence

43
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Fig. 4 (a) Hydrodynamic radius Ry of the PNIPAM microgel as a function
of temperature for different urea concentrations. (b) Urea concentration
dependence of the volume phase transition temperature T,, and the
temperature T,qqr at which aggregation was observed.
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of the phase transition temperature and the aggregation
temperature. It has to be noted that it cannot be finally con-
cluded if the aggregation temperature coincides with the phase
transition temperature. Furthermore, it is even not clear if there
is a well-defined difference between both temperatures.

The effect of urea on PNIPAM microgels as well as on brushes
was studied previously by both experimental and computer
simulation approaches.’®**>**** Based on these studies, in
case of high concentrations, urea molecules facilitate the hydro-
phobic collapse of the polymer due to direct interactions.
Whether enthalpic or entropic contributions dominate this
process is still under debate. It has to be noted that direct
binding mechanisms between PNIPAM and urea can give rise
to a pronounced collapse by connecting intra-PNIPAM cross-
links or different microgel particles. The latter one would result
in the aggregation of the particles as it was described above.

Based on the presented DLS results and a recent simulation
study,” the effect of urea on the volume phase transition
is significantly smaller compared to TMAO. Furthermore, also
the observed hydrodynamic radii at different temperatures
significantly differ between the osmolytes. Based on these
findings, one can assume a fundamentally different interaction
mechanism between PNIPAM and TMAO or urea, respectively.
It can be speculated that also the role of the hydration water
differs. Although the DLS data can be well understood by the
phenomenological Flory-Rehner theory, a microscopic mecha-
nism for the findings is still missing. Previous explanations'?
indeed mostly rely on the analysis of experimental data. With
regard to this point, we performed computer simulations of a
single PNIPAM chain in aqueous TMAO solution. A comparable
single chain approach was also used in ref. 15 in good agree-
ment with experimental results.

4.3 Numerical results

In order to understand the experimental results on a more
microscopic level, we followed our previously introduced
approach discussed in ref. 15, where two restrained configura-
tions, a coil and a globular PNIPAM conformation were studied.
We start the presentation of the numerical results by the
study of the TMAO binding behavior to PNIPAM. The prefer-
ential binding coefficients 1,; according to eqn (8) for the
globular and the coil conformation of PNIPAM at different
temperatures 7= 288 K and T = 328 K for TMAO concentrations
of ¢ = 1.26 mol L ™" and ¢ = 2.53 mol L' are presented in
Fig. 5. The cumulative number of molecules (n,,(r)) between all
nitrogen atoms of PNIPAM and the nitrogen atom of TMAO
and the oxygen atom of water, respectively were calculated as a
time average over the whole length of the production run. The
results at 288 K and 328 K indicate a preferential attraction of
TMAO to both PNIPAM conformations due to positive values for
the preferential binding coefficient 1,3 at large distances r. The
binding is significantly stronger to the globular conformations
for both studied temperatures. In addition, a small preferential
exclusion range can be observed at r & 0.2-0.4 nm due to
negative values for the preferential binding coefficient. This
effect is even more pronounced for higher TMAO concentrations.
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Fig. 5 Preferential binding coefficients 1,3 according to egn (8) for TMAO
concentrations of ¢ = 1.26 mol L™ (circles) and ¢ = 2.56 mol L™ (triangles)
to the globular (blue lines) and coil conformations (red lines) of PNIPAM at
288 K (top) and 328 K (bottom).

In the following, we are able to relate the occurrence of this
effect to the presence of a thin water layer in direct contact with
the PNIPAM chain.

With regard to the well-converged results for 1,3, one can
calculate the transfer free energies which read AF,; = —RTv,; with
the molar gas constant R'. The results for the different TMAO
concentrations, temperatures and PNIPAM conformations are
presented in the ESL.{ In general, we found a stronger attraction
of TMAO to PNIPAM at higher temperatures. The strong attraction
to the globular conformation is reflected by the differences of the
transfer free energies according to AAF,; = AF;; — AF§; where
the subscripts denote the transfer free energy to the coil (c) and the
globular PNIPAM state (g). The results shown in the ESI} indicate a
stabilization of the globular state due to positive values AAF,; > 0
for all different TMAO concentrations and temperatures. These
findings are in good agreement with the previously shown experi-
mental results and with the data presented in ref. 12 where a
decreasing volume phase transition temperature and a decreasing
hydrodynamic radius of PNIPAM for higher TMAO concentrations
was found. Therefore, based on our numerical findings, it can be
stated that TMAO stabilizes the globular conformation in terms of
a preferential attraction mechanism.
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A preferential attraction is also validated by the local/bulk
partition coefficient according to eqn (11). The results for
different conformations, temperatures and TMAO concentra-
tions are presented in the ESIf and verify the pronounced
accumulation of TMAO around both PNIPAM conformations.
In agreement with the previously discussed results and in terms
of the TMAO properties, we found a larger local/bulk partition
coefficient Kp(r) for the globular conformations.

Interestingly, one could assume that the preferential attrac-
tion of TMAO is also represented by a direct binding of TMAO
to PNIPAM as it was found for urea.™ In contrast to urea, we are
not able to observe relevant direct contacts between TMAO and
PNIPAM in terms of specific intermolecular hydrogen bonds.
The time averaged number of TMAO-PNIPAM hydrogen bonds
was (Nip°) < 1 for all considered concentrations and tem-
peratures. Thus, a small fraction of below 1% of the TMAO
molecules is directly interacting with PNIPAM such that a direct
binding mechanism can be excluded. With regard to the
cumulative number of molecules around PNIPAM, we found a
substantial amount of water molecules around PNIPAM at a
distance of r = 0.25 nm. Detailed results can be found in the
ESL.f In contrast to water, the first TMAO accumulation shell
occurs at larger distances around r ~ 0.4 nm. Based on our
findings, it becomes clear that a thin sheet of water molecules
protects PNIPAM from direct TMAO interactions as it was also
mentioned before and in a previous publication.*® Therefore,
although a strong accumulation of TMAO around PNIPAM can
be found, a preferential binding with direct interactions is
absent. It can be assumed that the described effect can be
directly related to the specific properties of PNIPAM-TMAO
interactions and the influence of the osmolyte on the solvent
shells. More results on the properties of the hydrogen-bonded
water molecules, representing the thin water layer in terms of
the first hydration shell around PNIPAM, are shown in the ESL.¥
In agreement with previous experimental results in bulk solution
and around proteins,*”**0119219 we found a strengthening of
hydrogen bonds between water and PNIPAM at higher tem-
peratures in presence of TMAO. Therefore, our findings of a
stronger and energetically more stable hydrogen bond network
with longer relaxation times in the first hydration shell around
PNIPAM in presence of TMAO are in good agreement
with previous experimental results.*”"'°>'*> One can ask about
the mechanism which attracts TMAO molecules to PNIPAM.
A recent publication validated the importance of solute-osmolyte
interactions for the distinction between preferential binding
and preferential exclusion mechanisms and argues that also
kosmotropic osmolytes like hydroxyectoine might favorably
accumulate around specific solutes.*® In order to study the
energetic contributions and the binding mechanism in more
detail, we distinguished between the coil and the globular
states of PNIPAM and calculated the differences in the electro-
static and the Lennard-Jones binding energies E° between
TMAO and PNIPAM according to AEcg = Eb — Eg where the
subscripts denote the coil (c) and the globular PNIPAM state (g).
Exemplary results at T = 288 K are shown in Fig. 6. It becomes
clear that the strongest difference between the binding energies
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the Lennard-Jones (LJ-PT) energies between TMAO and the coil and the
globular state of PNIPAM for different TMAO concentrations at 288 K. The
differences in the total binding energy are also shown at the right.

to the globular and the coil state is induced by a change in the
Lennard-Jones interactions. The influence of the electrostatic
energy differences is less pronounced. Also for the total binding
energy, the contribution of the electrostatic interactions is less
important. We found roughly constant percentages of the electro-
static binding energies to the total binding energies around 12%
to 18% for all systems. Noteworthy, all PNIPAM conformations
reveal the presence of attractive Lennard-Jones and electrostatic
interactions due to negative values for the corresponding inter-
action energies Ecg. Based on these findings, it can be concluded
that the main binding energy between TMAO and PNIPAM
arises from attractive Lennard-Jones interactions in good agree-
ment with previous results found for ionic liquids.*® This
finding further confirms and explains the absence of hydrogen
bonds between PNIPAM and TMAO which fundamentally rely
on electrostatic interactions in MD simulations.

For a further interpretation of the stabilization of the globular
PNIPAM state, we focus on the amount of the hydrating water
molecules around PNIPAM. It was discussed in a seminal paper”
that the PNIPAM coil-to-globule transition can be explained
by a change of the hydration properties. With regard to the
large hydrophilic solvent accessible surface area of PNIPAM, a
possible further explanation for an additional stabilization
mechanism of the globular state is therefore given by prefer-
ential hydration.®” In order to detect a preferential hydration
mechanism, we calculated the time averaged number of hydro-
gen bonds between PNIPAM and water molecules. Hydrogen
bonds were defined by a maximum distance criterion of 0.35 nm
between acceptor and donor pairs and with a maximum angle of
35°. The results can be found in Fig. 7.

Interestingly, we found a strong increase of the average number
of hydrogen bonds for increasing TMAO concentrations when
compared to a pure water solution. On average for all conforma-
tions, we found more than ANyg =~ 10 additional water-PNIPAM
hydrogen bonds in presence of TMAO when compared to pure
water. These results clearly indicate the presence of a preferential
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Fig. 7 Time averaged number of hydrogen bonds Nyg between water
molecules and PNIPAM at 288 K (top) and 328 K (bottom). The results for
the different concentrations are shown as differently colored bars. The
corresponding PNIPAM conformations are marked in the legend.

hydration mechanism for PNIPAM in presence of TMAO. When
compared to the coil state, globular conformations of PNIPAM are
more strongly hydrated which might also explain the stabilization
of the globular state®®” in addition to preferential attraction.
Our microscopic explanation of the stabilization mechanism
significantly differs from previous theories based on experimental
results.’? Herewith, it was proposed that TMAO decreases the
amount of hydrogen bonded water molecules with PNIPAM. Thus,
our simulations allow us a more detailed picture of the underlying
process. Noteworthy, we can assign the pronounced hydration
behavior of PNIPAM with the hygroscopic properties of kosmo-
tropic osmolytes like TMAO which are located in close vicinity
around PNIPAM.?*** Therefore, it can be assumed that in addition
to favorable Lennard-Jones interactions between PNIPAM and
solvated TMAO molecules as represented by positive preferential
binding parameters, a favorable hydration of the globular state in
presence of TMAO induces a shift of the lower critical solution
temperature and the decrease of the hydrodynamic radius found
in the experiments. These findings are also confirmed by our
results for the preferential hydration parameter'®”'%® (data not
shown), which reveal a substantial lower amount of water around
the coil state when compared to the globular conformation.
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5 Summary and conclusion

The effect of the biological stabilizing osmolyte TMAO on PNIPAM
microgel particles was studied by dynamic light scattering and
computer simulations. The experimental DLS study revealed a
volume phase transition of the PNIPAM microgel. The presence
of TMAO induces a reversible, continuous shift of the phase
transition temperature with increasing TMAO concentration
towards lower temperatures. In summary, our results are in good
agreement with previous experimental findings.'” Refining the
data with the phenomenological Flory-Rehner theory verified a
TMAO-induced stabilization of the globular state for PNIPAM
particles. Atomistic MD simulations allow us to develop a more
detailed picture of the molecular mechanism. Our results indicate
that the resulting preferential accumulation of TMAO is more
pronounced around the globular state of PNIPAM which can be
brought into agreement with a shift of the chemical equilibrium
constant.”® The absence of a direct TMAO binding behavior was
indicated by a negligible number of PNIPAM-TMAO hydrogen
bonds. These results are in full agreement with a previous
publication revealing a strong accumulation of TMAO around
polystyrene."* Furthermore, we found that water molecules
form a thin sheet around PNIPAM and protect the solute from
direct interactions with TMAO. The analysis of the dynamic
and structural properties of the hydration layer indicated a
strengthening of hydrogen bonds between water molecules and
PNIPAM in presence of TMAO. We also analyzed the energetic
components of the binding mechanism between PNIPAM and
TMAO and observed favorable van der Waals interactions as
represented by Lennard-Jones energies with the globular state.
In contrast, electrostatic interactions play a minor role. These
findings can be brought into agreement with recent simulation
results on the stabilization of folded peptide states in presence
of aqueous ionic liquids.*’

In addition to the preferential accumulation behavior, we also
found a strong preferential hydration of PNIPAM in presence of
TMAO which additionally stabilizes the globular PNIPAM state.
In fact, it was proposed that preferential hydration mainly occurs
in presence of a preferential exclusion mechanism.***” Based on
our results, we indeed found that preferential hydration can be
observed in presence of TMAO when being attracted to specific
macromolecular hydrophilic surfaces. Thus, we can observe
a preferential hydration of the solute in presence of excluded
co-solutes as proposed in ref. 56 and 57 in combination with a
preferential attraction behavior of TMAO. The mechanism can
be described as follows. Protectants like TMAO or hydroxy-
ectoine are strongly hydrated and carry the hydration water in
front of the solute surface when being attracted to PNIPAM,
which can be regarded as the fundamental mechanism for the
onset of preferential hydration. In contrast, urea directly inter-
acts with PNIPAM and replaces hydrating water molecules as it
was found in recent experimental and simulation results.” In
addition, we observed nearly no direct interactions between
TMAO and PNIPAM which corresponds to the fact that TMAO
prefers to remain fully hydrated.*>* It might be therefore more
reasonable to interpret the accumulation of TMAO around

31468 | Phys. Chem. Chem. Phys., 2016, 18, 31459-31470

View Article Online

PCCP

PNIPAM as a preferential attraction behavior in contrast to
the preferential binding mechanism as it is known for urea.
The difference in the mechanisms is also reflected by the
experimental results for the volume phase transition tempera-
ture. Furthermore, our numerical results are also in good
agreement with the enthalpic and entropic energy contribu-
tions as they were found in the experiments. The larger number
of hydrating water molecules favorably interact via conservative
interactions with PNIPAM, which decreases the enthalpic con-
tributions to the energy. Closely related, more hydrating water
molecules result in a stronger ordering of the solvent which is
reflected by the decrease of the entropy in agreement with
previous results found for DNA' and proteins.*”*°%1%% [n
combination, also the properties of restricted motion in the
configurational PNIPAM states in presence of TMAOQ'**'%*
might play a significant role. Finally, enthalpy and entropy
contributions to the free energy largely balance each other by
the well known entropy-enthalpy compensation principle’®® as
also indicated by our numerical values for AH and AS.

Moreover, our proposed mechanism for TMAO also explains
some differences to the binding mechanism between urea and
PNIPAM. It was discussed in ref. 15, that different concentrations
of urea result in different binding behaviors. For high urea
concentrations, a preferential binding of urea to PNIPAM was
validated which results in a full coverage of the PNIPAM surface
area as represented by an increasing number of hydrogen bonds
between urea and PNIPAM. Noteworthy, in contrast to TMAO, urea
replaces hydrating water molecules as it was discussed in ref. 15
whereas TMAO favors a preferential hydration. The fundamental
difference between these two mechanisms is demonstrated by the
strong PNIPAM aggregation effect in the experiments induced by
urea. In contrast, TMAO is not able to act as a cross-linker due to
its surrounding strong hydration shell.

Hence, our numerical findings allow us to interpret the
experimental results and further point at a molecular stabiliz-
ing mechanism, which slightly broadens the plethora of possi-
ble explanations for the stabilization of macromolecular
configurations in presence of osmolytes.
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