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involving the cooperative
behaviour of TMAO and urea towards the globular
state of poly(N-isopropylacrylamide)†

Payal Narang and Pannuru Venkatesu *

Studies have provided evidence for the destruction of the hydrogen bonds of poly(N-isopropylacrylamide)

(PNIPAM) in the presence of osmolytes such as trimethylamine N-oxide (TMAO) and urea. Herein, we

explore the effect of a mixed osmolytic environment on PNIPAM, which has thus far been an

unanswered question in the literature, and we show the ease with which the addition of co-solvents like

urea and TMAO individually, and as a mixture, result in the quick formation of the globular state of

PNIPAM. The investigation of the globular or collapsed state of aqueous PNIPAM solution in the

presence of co-solvents is exploited using various biophysical techniques like UV-visible spectroscopy,

fluorescence spectroscopy, dynamic light scattering studies (DLS) and Fourier transform infrared

spectroscopy (FTIR). The decrease in the lower critical solution temperature (LCST) with the addition of

osmolytes and their mixed environment may be due to the different types of interactions (direct or

indirect) with the hydrated, extended, coiled and globular PNIPAM states. The extent of hydrogen

bonding and polarization of these additives is the major driving force for the collapsed conformation of

PNIPAM. TMAO is a better inducer for the collapsed state of PNIPAM than urea, and their mixture shows

a drastic decrease in the LCST of PNIPAM, because of the LCST decrease in both osmolytes individually,

but the limited number of binding sites of PNIPAM is the main reason the mixture of urea and TMAO is

not able to show an additive effect on PNIPAM agglomeration. Varying ratios of TMAO and urea are

compared for a clear understanding of their behavior toward PNIPAM. Their mixed environment is a very

good inducer of the globular form, compared to individual urea at higher concentration. The collapsed

state of the polymer may provide sites or domains for drug encapsulation and release at the target by

changing its conformation.
Introduction

In the modern era, the reports of infectious diseases have been
on the increase. These diseases are clinical disorders resulting
from the presence of pathogenic agents such as viruses,
bacteria, fungi or parasites.1 Their ability to get transferred from
one person or species to another is the reason they are called
communicable diseases.1,2 More than half of the deaths world-
wide can be attributed to these diseases, particularly in devel-
oping countries, and it is very important to nd a cure.
Thermoresponsive polymers (TRPs) play an integral role in the
advancement of drug delivery technology by providing mecha-
nisms for the controlled release of therapeutic agents and the
tunable release of both hydrophilic and hydrophobic drugs.3

The pharmaceutical and therapeutic properties of drugs can be
Delhi, Delhi – 110007, India. E-mail:
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tion (ESI) available. See DOI:

hemistry 2017
modulated by the use of polymeric materials and their
arrangement in drug delivery systems.4,5 The huge medicinal
applications of TRPs may control the aforementioned diseases.
Moreover, the polymeric materials can also be used for targeted
delivery in tissues and different cellular systems.6

Among all polymers, stimuli responsive polymers, which
respond to the external stimuli such as temperature, pH and
certain other chemicals, are of particular interest with respect to
the polymer–protein and polymer–drug conjugates.3 These
smart polymers have wide applications in drug delivery and
many other research areas such as matrix preparation for bio-
separation, biomedical applications, actuators for chemical
valves, lubricants and tissue engineering, etc.7–10 The TRPs
undergo conformational changes with temperature, attributed
to the changes in the interactions among the polymer chains
and water molecules.11 Poly(N-isopropylacrylamide) (PNIPAM)
is a well-known “intelligent” amphiphilic polymer that shows
phase transition from the coiled to the globular state at around
32–33 �C, which is very close to body temperature and is
promising for various biomedical applications. The collapsed
form of PNIPAM leads to turbidity at higher temperatures
RSC Adv., 2017, 7, 34023–34033 | 34023
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Fig. 1 Chemical structure of poly(N-isopropylacrylamide), urea and
trimethylamine-N-oxide.
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because it is not water soluble. The temperature below which
the equilibrium shis from coil to collapsed or globular form is
said to be its lower critical solution temperature (LCST).6,12–16

The globular form of PNIPAM expels water while undergoing
transition and forms hydrophobic nanopockets or domains that
are stabilized by the hydrophobic interactions of isopropyl
groups.17,18 The collapsed state of the polymers have been used
in the preparations of nanoparticles and nanoreactors.19,20

These domains may or may not be long range order, depending
on the process by which they are undergoing collapse.21–24 The
permeability of various molecules can be altered by varying the
size of the domains in the collapsed network of polymers,
resulting in the formation of switchable valves and semi-
interpenetrating polymeric networks.25,26 Moreover, the
swelling and deswelling of hydrogels formed from the PNIPAM
chain or with its copolymer may lead to a better understanding
of hydrophobicity/hydrophilicity for biomolecular
engineering.27–30

Osmolytes are low molecular weight co-solutes known to
protect cells against osmotic stress; these are molecules, like
proteins, polymers, etc., that can alter macromolecular function
by varying the intra or intermolecular interactions.31–34 Trime-
thylamine N-oxide (TMAO) and urea are two well-known osmo-
lytes that have the ability to change the conformation of
macromolecules, resulting in different functions.32,35 TMAO is
a kind of amphiphilic osmolyte containing a small hydrophilic
group (N+O�) and a bulky hydrophobic part (three methyl
groups),32 while urea is a small non-protecting osmolyte consist-
ing of polar moieties that can easily form H-bonds with other
structural moieties. Earlier studies revealed that osmolytes
increase the thermodynamic stability of many folded proteins by
providing protection against stresses that lead to the loss of its
native structure.36–38 Many researchers have focused on the
biomolecular interaction studies of TMAO and urea with
proteins. A literature survey has shown that urea is a denaturating
co-solvent for proteins, but it is still a matter of debate whether it
is through direct interaction or indirect interactions with respect
to concentration.13,14 TMAOmolecules are known to show greater
thermodynamic stability towards the folded protein, while there
is a reverse effect for urea.27 TMAO also has a counteracting effect
against the denaturation induced by urea and guanidinium
hydrochloride for many proteins like a-chymotrypsin, etc.32,39–46

Interestingly, PNIPAM is a well-accepted model protein con-
taining amide bonds and hydrophobic isopropyl groups as
a branched moiety.8 Various studies have already demonstrated
the individual effect of urea and TMAO on the PNIPAM aqueous
solution; however, the molecular mechanism for the interaction
of urea is still not completely understood and remains an open
question, despite many studies. The mixture effect of TMAO +
urea on PNIPAM is absent in the literature and the mixed
osmolytic environment study is essentially important to tune the
properties of PNIPAM hydrogels and target specic drug
achievements. It has been reported by many research groups,6,8,47

using various spectroscopic and molecular dynamics studies,
that the direct interaction between amide moieties of PNIPAM
with urea is thought to act as a cross linker among various amide
moieties in the PNIPAM chain.48 The propensity of urea for the
34024 | RSC Adv., 2017, 7, 34023–34033
collapsed state is less prominent at lower concentration and
greater at higher concentrations.10,15,31 Furthermore, simulation
studies have shown that the accumulation of urea in the rst
solvation shell and the globular state of PNIPAM is stabilized via
strong interactions between urea and PNIPAM, which lead to the
exclusion of water molecules from the PNIPAM surface to the
bulk solution.49,50 Moreover, the effect of methylated urea and
alcoholic mixtures on the phase transition studies of PNIPAM
have been studied using different techniques.47,51

Schroer et al.52 reported that the effect of TMAO on the tran-
sition studies of PNIPAM is more signicant than that of urea.
Subsequently, Reddy et al.53 showed the destruction of the
hydrogen bonds of PNIPAM in the presence of TMAO, resulting
in faster agglomeration (i.e. lower LCST). The destruction of
hydrogen bonds between water and polymer is attributed to the
sharp phase transition. Binding studies also corroborate the
above-mentioned result and show that there is a negligible
number of PNIPAM–TMAO hydrogen bonds. The effect of TMAO
and urea, individually, on the hydrophobic homopolymer poly-
styrene, was investigated using atomic force spectroscopy and
molecular dynamics simulations. The studies on polystyrene
show the reverse effect, since TMAO has a high binding affinity
for the collapsed state, but there is a low affinity for urea mole-
cules.27,53 PNIPAM and its copolymer were also studied with
various additives like DMSO/water, methanol/water mixtures and
buffers to tune the transition temperature, which could lead to
applications in biomedical sciences, polymeric nanoparticle
composites and separation studies.16,54–57 Additionally, the
thermo-responsive properties of PNIPAM can also be modulated
by replacing the end groups of the chain with urea or any other
group containing hydrogen bonding properties.58 Fig. 1 displays
the chemical structure of PNIPAM, urea and TMAO.

Since the molecular interactions with PNIPAM in a mixed
osmolytic environment are absent in the literature. We made an
attempt to study the ease of formation of the globular confor-
mation of PNIPAM to explore the knowledge regarding PNIPAM
applications in the formation of hydrogels with varying cross
linking domains, biomedical applications and other systems.
Nevertheless, only a handful of simulation studies on hydro-
phobic macromolecules with mixed osmolytes have been re-
ported in the literature.59

In this work, we have employed UV-visible spectroscopy,
uorescence spectroscopy and dynamic light scattering (DLS)
This journal is © The Royal Society of Chemistry 2017
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and Fourier transform infrared (FTIR) techniques to investigate
the effect of TMAO and urea osmolytes on the aggregation of
PNIPAM polymer individually, as well as in the mixed osmolytic
environment in varying ratios. By studying the effect of co-
solvent on the globular state, an attempt has been made to
closely explore the changes in molecular interaction (direct or
indirect), as there are virtually no studies of this sort in the
literature. This study provides a better insight to further explore
knowledge pertinent to engineering drug delivery systems,
surface modication, biosensors and bioseparation, etc.

Experimental section
Materials and sample preparation

PNIPAM (Mn ¼ 20 000–40 000), 8-anilino-1-
naphthalenesulfonic acid (ANS) and trimethylamine N-oxide
(TMAO) were purchased from Sigma-Aldrich (USA). The poly-
dispersity index value of the PNIPAM aqueous sample was 0.258
at room temperature, evaluated by dynamic light scattering
studies. Urea was purchased from Sisco Research Laboratory
Pvt. Ltd. These chemicals were used directly, without further
purication. All samples were prepared by dissolving the
appropriate amount of polymer gravimetrically in double
distilled deionized water (Ultra 370 series, Rions India, India)
with 18.3 MU resistivity. The required amounts of chemicals
were weighed using an analytical balance (Mettler Toledo) with
a precision of �0.0001 g in screw-capped vials. The polymer
concentration was maintained at 3 mg mL�1 for UV-visible and
uorescence measurements. For DLS and FTIR measurements,
we maintained the concentration of polymer at 10 mg mL�1.
Varied concentrations of urea (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0
and 6.0 M) were used for one set of experiments, and different
concentrations of TMAOwere used (0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and
1.0 M) for another set of experiments and mixtures with varying
ratios were used for the comparison study. The DLS experi-
ments were carried out using 0.22 mm disposable lters (Milli-
pore, Millex-GS) to lter the resulting sample solution through
a medical syringe. The sample solution was maintained at room
temperature prior to the measurements.

UV-visible absorption measurements

The absorption spectra of PNIPAM with various osmolytes were
recorded using ultraviolet-visible (UV-visible) spectroscopy from
190 to 700 nm, using a double beam UV-visible spectropho-
tometer (UV-1800, Shimadzu Co., Japan) at room temperature.
The required quantity of sample solution was transferred
uniformly into the quartz cell of 1 cm path length. The spec-
trophotometer had a quartz cuvette with a spectral band width
of 1 nm and wavelength accuracy of 0.3 nm, with automatic
wavelength correction. We used ANS aqueous solution as the
blank or reference in all UV-visible measurements.

Fluorescence intensity measurements

A Cary Eclipse uorescence spectrophotometer (Varian optical
spectroscopy instruments, Mulgrave, Victoria, Australia) with
an intense xenon ash lamp as the light source was used to
This journal is © The Royal Society of Chemistry 2017
acquire uorescence spectra. A multicell holder, which was
electrothermally controlled at precise temperature, with preci-
sion of 0.05 �C, regulated by a Peltier device, was used with the
instrument. The emission spectra were recorded using the PMT
voltage of 720 V and slit width of 5/5 nm. Similarly, thermal
uorescence spectra were collected within a specic tempera-
ture range with the interval of 1 �C and with an accuracy of
0.1 �C. The scan speed for all measurements was kept constant
at 1200 nmmin�1. For the sake of better accuracy in the thermal
measurements, the samples were equilibrated for at least
20 min at each temperature before measurement. The excita-
tion wavelength at 360 nm was taken in uorescence experi-
ments and the emission intensity was collected at the emission
wavelength of 510 nm as the function of temperature. All the
values reported were an average of three measurements.
Dynamic light scattering (DLS) measurements

The hydrodynamic diameter (dH) was determined by means of
a Zetasizer Nano ZS90 dynamic light scattering (DLS) instru-
ment (Malvern Instruments Ltd., UK), which measured the time
dependent uctuation in the intensity of light scattered from
particles in solution at a xed scattering angle of 90�, followed
by analysis using Malvern Zetasizer soware version 7.01. The
instrument was equipped with a 4 mW He–Ne laser at a xed
wavelength (l) of 633 nm as the light source. All DLS experi-
ments were performed as a function of temperature, with
intervals of 1 �C, in a thermostatic sample chamber at desired
temperatures in the range 23–38 �C. The temperature of the
measurements was controlled with an accuracy of �0.1 �C. A
ltered bubble-free sample of approximately 1.5 mL was
transferred into a quartz sample cell, which was sealed with
a Teon-coated screw cap to protect from dust. Then, the air-
tight sample was introduced into the sample chamber holder
of the DLS instrument. The Brownian motion of particles was
detected by DLS and correlated to the particle size. The rela-
tionship between the size of a particle and its speed due to
Brownian motion is dened by the Stokes–Einstein equation

dH ¼ kT/(3phD) (1)

where k is the Boltzmann's constant, T is the absolute temper-
ature (K), h is the viscosity (mPa s) and D is the diffusion coef-
cient (m2 s�1).
Fourier transform infrared (FTIR) spectroscopy
measurements

An iS 50 FT-IR (Thermo-Fisher scientic) spectrometer was used
for recording the Fourier transform infrared spectrum in the
wavenumber range of 600 cm�1 to 4000 cm�1. The sample must
be bubble-free in an IR cell assembled with two ZnSe windows.
The continuous monitoring of the temperature inside the
sample chamber was performed by a chromel–alumel K-type
thermocouple. Each IR spectrum reported was an average of
240 scans, using a spectral resolution of 4 cm�1. The IR spectra
were recorded and stored using spectroscopic soware (Varian
Resolutions, Version 4.10). A background spectrum was
RSC Adv., 2017, 7, 34023–34033 | 34025
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obtained directly before the sample spectra. Specically, for
each sample containing PNIPAM and different co-solvents in
varying concentrations, the deuterium oxide (D2O) spectrum
was used as the background.
Results and discussion
Absorption spectroscopy analysis of PNIPAM in the presence
of TMAO, urea and their mixture

To investigate the individual effects of urea and TMAO and their
mixture, UV-visible spectroscopy studies were carried out over
a particular range of wavelengths at room temperature. For the
UV-visible studies of PNIPAM, ANS was used as an extensive
probe60 in very low concentration (2 � 10�5 M) in order to avoid
interferences and to investigate the changes happening in the
presence of varying concentrations of osmolytes. Fig. 2 displays
the variation of the absorbance spectra of PNIPAM in the presence
of urea, TMAO and their mixture as a function of wavelength. The
ANS in the presence of PNIPAM shows its band at around 270 nm,
which is consistent with the literature value.61 In Fig. 2(a), the
band absorbance at 270 nm continuously decreases with the
Fig. 2 UV visible spectra of ANS in PNIPAM aqueous solution containing
1.5 M (dark cyan), 2.0 M (pink), 2.5 M (dark yellow), 3.0 M (dark blue), 4.0
aqueous solution (black), 0.4 M (red), 0.5 M (blue), 0.6 M (dark cyan), 0.7 M
of TMAO + urea, PNIPAM in aqueous solution (black), (0.5 + 0.5) M (red),
2.5) M (dark yellow), (0.5 + 3.0) M (dark blue), (0.5 + 4.0) M (brown),
TMAO : urea, 5.0 M urea (black), 0.5 M TMAO (red), (0.5 + 5.0) M (blue)

34026 | RSC Adv., 2017, 7, 34023–34033
increase in the concentration of urea. Evidently, a new band
observed at �288 nmmay be due to the direct hydrogen bonding
interaction between urea and the PNIPAM polymer. The interac-
tions are more signicant at higher concentrations as the inten-
sity keeps on increasing with the concentration of urea,8 since
urea is a polar molecule that binds to the chain of PNIPAM
through favorable hydrogen bonds; Sagle et al.8 reported its ability
to form hydrogen bonds with several carbonyl groups as bridging
ligands. Interestingly, to observe the effect of urea on the absor-
bance spectra of ANS in the absence of PNIPAM, we performed the
experiment and found that the absorbance is very small, or
negligible, which is similar to that in the case of ANS absorbance
in water (data shown in the Fig. S1 of ESI†). It can be concluded
that absorbance at �288 nm might resemble the bonding inter-
actions between PNIPAM and urea. Similarly, TMAO is an
amphiphilic osmolyte, which is not able to provide a hydrophobic
environment for ANS spectra, as in the hydrated PNIPAMcase that
leads to the decrease in absorbance at 270 nm in a concentration
dependent manner (Fig. 2(b)). However, no signicant band was
observed at �288 nm, which clearly shows that there is no direct
bonding between TMAO and PNIPAM to an appreciable extent.
(a) urea, PNIPAM in aqueous solution (black), 0.5 M (red), 1.0 M (blue),
M (brown), 5.0 M (magenta) and 6.0 M (green). (b) TMAO, PNIPAM in
(pink), 0.8 M (dark yellow), 0.9 M (dark blue), 1.0 M (brown). (c) Mixture
(0.5 + 1.0) M (blue), (0.5 + 1.5) M (dark cyan), (0.5 + 2.0) M (pink), (0.5 +
(0.5 + 5.0) M (magenta) and (0.5 + 5.0) M (green). (d) 1 : 10 ratio of
under atmospheric conditions.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2(c) represents the UV-visible spectra of the mixture of
osmolytes by varying the concentration of urea and keeping the
TMAO concentration constant. The gure clearly shows that the
decrease in absorbance at around 270 nm is more prominent as
compared to the effect due to the individual osmolytic environ-
ment. Clearly, on increasing the urea concentration (0.5 to 6.0 M)
in xed (0.5 M) TMAO amounts, the band absorbance at 288 nm
increases asmore urea favoursmore direct binding with PNIPAM.8

Moreover, different ratios of TMAO and urea are shown to clearly
depict the role of osmolyte in the mixed environment. The lower
molar ratios (0.5 : 0.5 and 0.5 : 1.0) of TMAO and urea show the
dominating role of TMAO as it is a better inducer for the collapsed
state than urea at lower concentrations. In Fig. 2(d), the 0.5 : 5.0
molar ratio of TMAO : urea shows a prominent band at 288 nm,
but has less absorbance as is the case of individual urea at 5.0 M
concentration. Thismight be due to the lower probability for direct
hydrogen bonding, or less binding sites of PNIPAM available for
urea in the presence of TMAO. Individually, TMAO is a better
inducer of the globular state than urea, even at low concentrations.
Specically, it was observed that a mixture of TMAO and urea had
an even higher propensity for the globular form of PNIPAM.
Fluorescence spectroscopy analysis of PNIPAM in the
presence of TMAO, urea and their mixture

Steady state uorescence analysis. In order to evaluate the
changes in the hydrated state of PNIPAM in ANS with the
addition of varying concentrations of osmolyte, steady state
uorescence studies were also carried out. The uorescence
intensity of ANS in PNIPAM was �180 a.u., as shown in its
emission spectra at around 510 nm.61 In Fig. 3(a), the uores-
cence intensity of ANS in PNIPAM kept on increasing with the
increase in the concentration of urea up to approximately 650
a.u., with a signicant blue shi. This might be due to the
exclusion of water molecules around the PNIPAM surface in the
presence of urea, which leads to direct interactions and facili-
tates the formation of the globular form of polymer. Similarly,
Fig. 3(b) depicts the change in the steady state uorescence
spectra in the presence of TMAO in varying concentrations. The
uorescence intensity on addition of TMAO increases with
concentration, but to a lesser extent (up to 300 a.u.) than urea,
which might be due to the indirect interactions of TMAO with
water molecules around the PNIPAM surface.53 The extent of
indirect interaction depends on the polarization ability of the
particular osmolyte. In Fig. 3(c), we summarize the effect of the
mixture of TMAO and urea on the steady state uorescence
spectra of ANS in PNIPAM. The uorescence intensity increases
with the increasing urea concentration and keeping TMAO
concentration constant (0.5 M), with an appreciable blue shi.
The signicant increase in intensity with the blue shi is
attributed to the more hydrophobic environment around ANS
through direct hydrogen bonding between urea and the amide
moiety of PNIPAM and polarization of TMAO, which made the
formation of the collapsed form much easier at room temper-
ature. In the presence of mixed osmolyte, the intensity was
found to be greater, �740 a.u., as in case of individual urea,
since both osmolytes enhance the collapsed form of PNIPAM.
This journal is © The Royal Society of Chemistry 2017
The 0.5 : 5.0 molar ratio of TMAO and urea is clearly repre-
sented in Fig. 3(d), which shows an increase in intensity, up to
650 a.u. The spectra show that lower ratios are less likely for the
formation of the globular state, but more likely for higher ratios
of osmolyte concentrations.

Thermal uorescence analysis. To ascertain that how the
addition of these osmolytes facilitated the faster formation of the
globular state, we also carried out thermal uorescence studies.
The thermal uorescence spectra clearly show the change in
LCST of PNIPAM in the presence of osmolytes at different
concentrations, in comparison to the typical LCST of the PNI-
PAM, as shown in Fig. 4 and Table 1. The typical LCST of PNIPAM
in aqueous solution was observed at 33 �C. Fig. 4(a) depicts the
decrease in the LCST from 33 to 27.9 �C, and the enhancement in
the uorescence intensity of the PNIPAM from 240 to 590 a.u. for
6.0 M urea. This signicant decrease in LCST of the PNIPAM was
observed at higher concentrations, while the decrease was not
prominent at lower concentrations, up to �2.0 M. The appre-
ciable decrease can be attributed to the direct hydrogen bonding
interactions, and ismore pronounced at higher concentrations of
urea. Additionally, Fig. 4(b) shows the faster decrease of the LCST
of PNIPAM, even at lower concentrations of TMAO, since the
extent of polarization is directly related to the extent by which it
can distort the other molecule to be neutral or charged. This
might be due to the greater polarizing ability of TMAO because of
the coordinate bond between N and O, leading to the ionic
character within the bond. The marked enhancement in the
uorescence intensity with the addition of TMAO indicates that
TMAO is able to enhance the hydrophobic association of the
polymer near to the phase transition temperature, and a delicate
balance between the hydrophobic and hydrophilic environment
leads to the enhancement of the ANS intensity near the transition
temperature. Fig. 4(c) reects the variation of uorescence
intensity with temperature and the LCST of PNIPAM is found to
decrease with the increase in the urea concentration with xed
TMAO concentration. The decrease in LCST for mixed co-solvent
environment is greater than in the case of individual osmolyte;
however, urea and TMAO collectively are not able to show the
additive effect, possibly due to a limited number of sites for
binding and steric factors, which do not allow both the osmolytes
to show an additive effect on the PNIPAM hydrated surface.
Fig. 4(d) shows the changes in the uorescence intensity in the
presence of 0.5 : 5.0 ratio of TMAO and urea as a function of
temperature. The LCST of PNIPAM decreased to a lesser extent
(30.9 �C and 29.9 �C) for lower ratios (0.5 : 0.5 and 0.5 : 1.0) of
TMAO and urea, and shied to 25.5 �C in the case of the 0.5 : 5.0
molar ratio. Therefore, the 0.5 : 5.0 molar ratio of TMAO and urea
facilitated the globular conformation to the greater extent, while
the 0.5 : 0.5 molar ratio to the lesser extent.
Dynamic light scattering studies of PNIPAM in the presence of
TMAO, urea and their mixture

DLS is a very important tool to study the agglomeration of
PNIPAM in different co-solvent environments. The clear size
distribution of the macromolecule can be estimated using this
biophysical technique. The hydrophobic collapse of PNIPAM is
RSC Adv., 2017, 7, 34023–34033 | 34027
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Fig. 3 Steady state fluorescence spectra of ANS in PNIPAM aqueous solution containing (a) urea, PNIPAM in aqueous solution (black), 0.5 M (red),
1.0 M (blue), 1.5 M (dark cyan), 2.0 M (pink), 2.5 M (dark yellow), 3.0 M (dark blue), 4.0 M (brown), 5.0 M (magenta) and 6.0 M (green). (b) TMAO,
PNIPAM in aqueous solution (black), 0.4 M (red), 0.5 M (blue), 0.6 M (dark cyan), 0.7 M (pink), 0.8 M (dark yellow), 0.9 M (dark blue), 1.0 M (brown).
(c) TMAO+ ureamixture, PNIPAM in aqueous solution (black), (0.5 + 0.5) M (red), (0.5 + 1.0) M (blue), (0.5 + 1.5) M (dark cyan), (0.5 + 2.0) M (pink),
(0.5 + 2.5) M (dark yellow), (0.5 + 3.0) M (dark blue), (0.5 + 4.0) M (brown), (0.5 + 5.0) M (magenta) and (0.5 + 5.0) M (green). (d) 1 : 10 ratio of
TMAO : urea, 5.0 M urea (black), 0.5 M TMAO (red), (0.5 + 5.0) M (blue) under atmospheric conditions.
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directly proportional to the hydrodynamic diameter of the
aggregates. The typical LCST of PNIPAM in water was found to be
at 32 �C.53 At the transition temperature, the dH increases dras-
tically, which is due to the large sizes of the polymer agglomer-
ates. Further, a decrease in the scattering intensities was
observed in all samples, which may be due to two main reasons.
First, the solution is highly turbid and thus, does not allow the
laser to pass through it. Secondly, due to high aggregate forma-
tion and increasing temperature, the polymer aggregates settle
down and are not able to scatter light further. Fig. 5 represents
the hydrodynamic diameter of the polymer with temperature in
varying concentrations of osmolyte and their mixtures. The
presence of urea induces the hydrophobic collapse of PNIPAM
with the faster rate at lower temperature than the typical LCST of
PNIPAM in aqueous solution (Fig. 5(a)). The decrease in LCST, up
to �27.4 �C, is maximum in the case of 6.0 M urea. The LCST
change is not appreciable at lower concentrations; however, there
is a more signicant effect at higher concentrations. The dH of
agglomerates increases in a concentration dependent manner.
Fig. 5(b) shows that the decrease in LCST is more prominent in
the presence of TMAO, even at low concentrations. Aer 1.0 M
concentration, the LCST reached very near to room temperature,
34028 | RSC Adv., 2017, 7, 34023–34033
resulting in the formation of a turbid solution. Furthermore, as
the LCST decreases with concentration, the size of agglomerates
also keeps on increasing.

In Fig. 5(c), the different ratios of TMAO and urea were taken
as osmolytes and the dH was assessed with the change in
temperature. The LCST decreased to 23.5 �C with the addition
of 6.0 M urea and 0.5 M TMAO in the aqueous solution of
PNIPAM. The size of agglomerates increased to a much higher
value at 5.0 and 6.0 M urea, keeping the TMAO concentration
constant at 0.5 M. The extent to which LCST decreases is more
pronounced in the case of the mixed osmotic environment, in
comparison to the individual osmolyte effect. The effect of
formation of the collapsed state occurs more easily in a mixed
environment and at lower temperature, and is basically attrib-
uted to the direct hydrogen bond capacity of urea and some
hydrophobic interactions within the PNIPAM chains induced by
TMAO. The dH of the 0.5 : 5.0 ratio of TMAO and urea was
studied with respect to temperature, as shown in Fig. 4(d). The
LCST change and size is maximum in the case of the 0.5 : 5.0
molar ratio of TMAO : urea, relative to that of lower ratios
(0.5 : 0.5 and 0.5 : 1.0). The mixed osmolytic environment was
observed to decrease the LCST to a greater extent than
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Thermal fluorescence spectra of ANS in PNIPAM aqueous solution containing (a) urea, PNIPAM in aqueous (black), 0.5 M (red), 1.0 M
(blue), 1.5 M (dark cyan), 2.0 M (pink), 2.5 M (dark yellow), 3.0 M (dark blue), 4.0 M (brown), 5.0 M (magenta) and 6.0 M (green). (b) TMAO, PNIPAM
in aqueous (black), 0.4 M (red), 0.5 M (blue), 0.6 M (dark cyan), 0.7 M (pink), 0.8 M (dark yellow), 0.9 M (dark blue), 1.0 M (brown). (c) TMAO + urea
mixture, PNIPAM in aqueous solution (black), (0.5 + 0.5) M (red), (0.5 + 1.0) M (blue), (0.5 + 1.5) M (dark cyan), (0.5 + 2.0) M (pink), (0.5 + 2.5) M
(dark yellow), (0.5 + 3.0) M (dark blue), (0.5 + 4.0) M (brown), (0.5 + 5.0) M (magenta) and (0.5 + 5.0) M (green). (d) 1 : 10 ratio of TMAO : urea,
5.0 M urea (black), 0.5 M TMAO (red), (0.5 + 5.0) M (blue) under atmospheric conditions.
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individual urea or TMAO osmolytes; however, they did not show
an additive effect because of the limited number of binding
sites of PNIPAM available.

Fourier transform infrared spectroscopy studies of PNIPAM in
the presence of TMAO, urea and their mixture

FTIR spectroscopy studies further conrmed the types of
interactions between the co-solvent and amide moiety of
PNIPAM. FTIR spectra were obtained in D2O instead of water
in order to avoid the interference of the OH band at around
1640 cm�1 with the carbonyl band. PNIPAM in D2O is observed
to show two bands named amide I and amide II at 1624
cm�1 62,63 and 1460 cm�1 respectively. The amide I band
corresponds to C]O/D–O–D hydrogen bonding interactions
and the amide II band is attributed to the N–D deformation
prompted by the D2O molecules. Fig. 6(a) shows that in the
case of urea, the peak at around 1610 cm�1 and 1490 cm�1 64,65

was observed up to 2.0 M, predominantly due to the deuter-
ated urea, which itself contains the amide bond, and its direct
interactions with the amide moiety of PNIPAM are not
signicant at lower concentrations. Moreover, at higher
concentrations of urea, the direct interactions between urea
This journal is © The Royal Society of Chemistry 2017
and PNIPAM are not pronounced and lead to the faster
hydrophobic collapse, clearly shown from the peak at 1650
cm�1. The peak keeps on shiing towards 1650 cm�1 and gets
broadened at higher concentration, which is mainly due to
both hydrophobic collapse and deuterated urea. In the case of
TMAO, depicted in Fig. 6(b), the absorbance at 1624 cm�1

keeps on decreasing with concentration as more and more
TMAO concentration leads to faster intramolecular interac-
tions, but the peak at 1650 cm�1 attributed to the C]O/N–D
is not very prominent, since a decrease in absorbance is
greater, due to the indirect interactions for the hydrophobic
collapse of the polymer. Very similar to urea in Fig. 6(c), the
mixture of urea and TMAO in varying ratios showed the peak at
1610 cm�1, again due to the presence of deuterated urea.63,64

Since both osmolytes induce the hydrophobic collapse, the
peak keeps on shiing towards 1650 cm�1 faster than in the
case of urea, as both osmolytes facilitate intramolecular
interactions within the polymer, and therefore enhance the
hydrophobic collapse. The aggregation of PNIPAM is more
pronounced at higher ratios (0.5 : 5.0 and 0.5 : 6.0), as
compared to that at lower ratios (0.5 : 0.5 and 0.5 : 1.0) of
TMAO and urea.
RSC Adv., 2017, 7, 34023–34033 | 34029
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Table 1 Phase transition temperature (Tm �C) of PNIPAM aqueous solution with varying concentrations in different solvent media

Concentration
of urea [M] Tm (�C)

Concentration
of TMAO [M] Tm (�C)

Mixed ratios
TMAO : urea [M] Tm (�C)

0.0 33.0 0.0 33.0 0.0 33.0
0.5 32.8 0.4 30.7 0.5: 0.5 30.9
1.0 32.3 0.5 29.8 0.5: 1.0 29.9
1.5 31.5 0.6 29.5 0.5: 1.5 28.8
2.0 31.6 0.7 28.5 0.5: 2.0 28.7
2.5 30.7 0.8 27.5 0.5: 2.5 28.6
3.0 30.5 0.9 27.5 0.5: 3.0 27.7
4.0 28.7 1.0 25.6 0.5: 4.0 26.6
5.0 27.4 0.5: 5.0 25.5
6.0 26.9 0.5: 6.0 24.3
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Our results for the individual osmolyte study are consistent
with the prior existing results of TMAO27,52,53 and urea,8,48–50

since they both reduce the LCST of PNIPAM to lower tempera-
tures. As mentioned earlier, a new band was observed at
�288 nm in the UV-absorption spectra, as the addition of urea
alters the bonding interaction between PNIPAM and water,
which may be because of its ability to form hydrogen bonds and
intercalate between several carbonyl groups. Zhou et al.48 also
Fig. 5 Dynamic light scattering studies of PNIPAM aqueous solution con
(blue), 1.5 M (dark cyan), 2.0 M (pink), 2.5 M (dark yellow), 3.0 M (dark blue
in aqueous solution (black), 0.4 M (red), 0.5 M (blue), 0.6 M (dark cyan),
Mixture TMAO+ urea, PNIPAM in aqueous solution (black), (0.5 + 0.5) M (r
+ 2.5) M (dark yellow), (0.5 + 3.0) M (dark blue), (0.5 + 4.0) M (brown)
TMAO : urea, 5.0 M urea (black), 0.5 M TMAO (red), (0.5 + 5.0) M (blue)

34030 | RSC Adv., 2017, 7, 34023–34033
reported that it acts as a cross-linker and has the ability to
replace water molecules that were earlier bound to the amide
moiety of the PNIPAM chain. This kind of study has also been
reported by many researchers, where there is a stabilizing effect
of urea on the collapsed state of PNIPAM via its accumulation in
the rst solvation layer of PNIPAM.8,48–50 TMAO was found to
stabilize the collapsed state of PNIPAM to a higher extent than
urea, which also matched the previous studies. The stabilizing
taining (a) urea, PNIPAM in aqueous solution (black), 0.5 M (red), 1.0 M
), 4.0 M (brown), 5.0 M (magenta) and 6.0 M (green). (b) TMAO, PNIPAM
0.7 M (pink), 0.8 M (dark yellow), 0.9 M (dark blue), 1.0 M (brown). (c)
ed), (0.5 + 1.0) M (blue), (0.5 + 1.5) M (dark cyan), (0.5 + 2.0) M (pink), (0.5
, (0.5 + 5.0) M (magenta) and (0.5 + 5.0) M (green). (d) 1 : 10 ratio of
under atmospheric conditions.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 FTIR spectra of PNIPAM in D2O containing (a) urea, PNIPAM in
D2O (black), 0.5 M (red), 1.0 M (green), 2.0 M (cyan), 3.0 M (pink), 4.0 M
(blue), 5.0 M (dark green) and 6.0 M (yellow). (b) TMAO, PNIPAM in D2O
(black), 0.4 M (red), 0.5 M (green), 0.6 M (cyan), 0.7 M (pink), 0.8 M
(blue), 0.9 M (dark green), 1.0 M (yellow). (c) TMAO + urea mixture,
PNIPAM in D2O (black), (0.5 + 0.5) M (red), (0.5 + 1.0) M (green), (0.5 +
2.0) M (cyan), (0.5 + 3.0) M (pink), (0.5 + 4.0) M (blue), (5.0 + 0.5) M
(dark green) and (6.0 + 0.5) M (yellow).

Fig. 7 Variation of Tm values as a function of different concentrations
of urea (black), TMAO (red) and varying ratios of the mixture
TMAO : urea (blue).
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action of TMAO towards the globular state is induced by its
extent of polarization towards water molecules. Polarization
with respect to PNIPAM is related to the polar separation of
charges in the water molecules that lead to changes in the
microenvironment around the macromolecule in the presence
of TMAO. Several research groups52,53 have revealed that the
driving force for the concomitant sharp congurational transi-
tion has been attributed to the rupture of hydrogen bonds
between water and polymer and to the hydrophobic association
of the polymer. FTIR results obtained for PNIPAM (performed in
D2O) reect results in accordance with those of Cheng et al.,66

indicating that with an increase in the temperature, there is
a corresponding decrease in the absorption peak area attributed
to the hydrogen bonding, and a new peak appears that is related
to the intramolecular hydrogen bonding. Moreover, the binding
study mechanism depicts that there are negligible numbers of
PNIPAM–TMAO hydrogen bonds. The mixture effect of these
osmolytes have not been studied experimentally, while only one
simulation study has been performed with the hydrophobic
macromolecule.58 The simulation study depicted the effect of
the TMAO : urea mixture on the hydrophobic macromolecule.
This journal is © The Royal Society of Chemistry 2017
This can be taken as the reference for studying the effect of
TMAO + urea on the globular state of amphiphilic polymer
PNIPAM, but since their outer exposed moieties in aqueous
solution would be much different, they may or may not give
similar stabilizing/destabilizing effects for TMAO and urea.
This change in the outer surface for interaction with different
co-solvents causes the change in the behavior of osmolyte over
the PNIPAM surface.

The main ndings of our results are that the hydrophobic
collapse of PNIPAM in aqueous mixtures of TMAO and urea is
pronounced at much lower temperatures as compared to their
individual effects on PNIPAM. In order to see the effect of even
lower concentrations of TMAO (0.5 M) over high concentrations
of urea (5.0 M), we compared our results at 0.5 : 5.0molar ratio of
TMAO : urea. Themixture of both showed a higher propensity for
the collapsed state than their individual effect. Fig. 7 shows the
overall change in Tm values with the concentration of TMAO, urea
and their various ratios. The graph shows the decrease in LCST
on addition of any osmolytes. The slope is most negative for
TMAO and least negative for urea. However, the 0.5 : 5.0 molar
ratio is found to decrease the LCST up to 25.5 �C, which is greater
as compared to 27.4 and 29.8 �C at 5.0 M urea and 0.5 M TMAO,
respectively. The LCST values of PNIPAM decreased for 0.5 M
TMAO and urea at various molar concentrations (from 0.5 to 6.0
M). However, they were not able to show a complete additive
effect, as ideally expected, due to a limited number of PNIPAM
sites available for binding and greater steric hindrance of the
osmolyte molecules to interact directly or indirectly with the
PNIPAM chain. It can be easily concluded that the 0.5 : 5.0 molar
ratio of TMAO : urea is more facilitating of the globular state of
PNIPAM than the extended coiled state.
Conclusion

The effects of two different osmolytes (TMAO + urea) in a mixed
environment were studied using various biophysical
RSC Adv., 2017, 7, 34023–34033 | 34031
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techniques, and the results observed from each technique
showed that the mixing of TMAO and urea in varying molar
ratios led to the stabilization of the collapsed state of PNIPAM
through various bonding interactions induced by TMAO and
urea molecules. The types of interactions may be direct, or via
polarization that leads to the decrease in LCST of PNIPAM in
a concentration dependent manner. The greater affinity of urea
for direct hydrogen bonding with the amide moiety of PNIPAM
makes the extended coiled form more soluble, up to 2.0 M
concentration, unlike TMAO, as it is soluble up to a maximum
of 1.0 M concentration at room temperature. Our ndings
reveal that both the osmolytes show their effect in the mixture,
resulting in the formation of agglomerates of PNIPAM at very
low temperatures, compared to the individual. Moreover,
thermal uorescence studies and DLS data clearly show the
aggregated state of PNIPAM at lower temperature, as compared
to the typical LCST of PNIPAM in aqueous solution. In a mixed
osmolytic environment, the TMAO effect is appreciable even at
0.5 M concentration, in order to decrease the LCST of PNIPAM
more towards lower temperature. The 0.5 : 5.0 molar ratio is
observed to stabilize the collapsed form of PNIPAM, compared
to lower molar ratios. This tuning of LCST may help in the
exploration of the applications of the intelligent PNIPAM poly-
mer in target specic applications in scientic areas.
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R. V. Klitzing, Polymers, 2011, 3, 1575–1590.

18 Z. Ahmed, E. A. Gooding, K. V. Pimenov, L. Wang and
S. A. Asher, J. Phys. Chem. B, 2009, 113, 4248–4256.

19 H. Jia, R. Roa, S. Angioletti-Uberti, K. Henzler, A. Ott, X. Lin,
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