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A B S T R A C T   

The association in aqueous mixtures of a thermoresponsive cationic diblock copolymer composed of poly(N- 
isopropylacrylamide) (PNIPAM) and poly(3-acrylamidopropyl)-trimethylammonium-chloride (PAMPTMA(+)) 
and the oppositely charged bile salt sodium deoxycholate (NaDC) is investigated at different compositions by 
light and X-ray scattering, calorimetry, and electrophoretic mobility measurements. Clouding reveals aggrega
tion upon heating. The addition of NaDC to the copolymer solution lowers the temperature of the transition and 
increases its cooperativity. At high temperature and low NaDC fractions, mixed aggregates with a dehydrated 
PNIPAM-rich interior and a PAMPTMA(+)-rich shell partially neutralized by DC– anions are formed. At high 
NaDC fractions, the aggregates present internal regularly spaced segregated nanoregions of dehydrated PNIPAM 
and PAMPTMA(+)/DC– (microphase separation). The results suggest that the mixed aggregates have appealing 
composition-controlled thermoresponse. The system phase separates at body temperature and the highest NaDC 
fractions investigated, meaning in conditions accomplished when the use of the polymer as a bile salt sequestrant 
is hypothesized.   

1. Introduction 

The need to develop new stimuli-responsive self-assembling bio- 
colloidal systems, which are responding to temperature and/or other 
types of external stimuli, has increased with the fast growth in the field 
of nanomaterials, as well as in medical applications. Co-assembled 
structures, based on a mixture of thermo-responsive block copolymers 
and surfactants, can provide other types of smart nanocarriers for in
clusion, transport, and delivery of biomolecules or active drug sub
stances. Especially biocompatible thermoresponsive polymers and 
surfactants are particularly interesting [1–4]. 

Bile salts (BSs) are anionic biological surfactants with a rigid ste
roidal amphiphilic structure completely different from the typical head- 
tail one of conventional surfactants. As end-products of the cholesterol 
metabolism, BSs (often termed bile acids (BAs) referring to their 

protonated forms) help the small intestine to solubilize dietary lipids and 
absorb fat-soluble vitamins from foods and are thus extremely important 
for most living organisms [5–7]. Many bile-acid related diseases, such as 
BA diarrhea (BAD) caused by BAs in the large intestine or colon, are 
related to the malabsorption of BSs in the small intestine (secondary 
BAD) or to a defective fibroblast growth factor 19 (FGF19) feedback 
inhibition of the biosynthesis of BAs in the liver that in turn leads to a BA 
overproduction (primary BAD) [8–11]. In the medical treatment of those 
diseases, oppositely charged polyelectrolytes are used as BS (often BA) 
sequestrants to bind the BSs through both electrostatic and hydrophobic 
attractive interactions to hinder them from contact with the colonic 
mucosa and as such decrease the BS level in the colon [5,12–15]. BS 
sequestrants are also important drugs used in the treatment of hyper
cholesterolemia where lowering the level of cholesterol in the body is 
necessary. The currently used sequestrants bind un-specifically to BS in 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: Luciano.Galantini@uniroma1.it (L. Galantini), Karin.Schillen@fkem1.lu.se (K. Schillén).  

Contents lists available at ScienceDirect 

Polymer 

journal homepage: http://www.elsevier.com/locate/polymer 

https://doi.org/10.1016/j.polymer.2020.122871 
Received 17 May 2020; Received in revised form 26 July 2020; Accepted 29 July 2020   

mailto:Luciano.Galantini@uniroma1.it
mailto:Karin.Schillen@fkem1.lu.se
www.sciencedirect.com/science/journal/00323861
https://http://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2020.122871
https://doi.org/10.1016/j.polymer.2020.122871
https://doi.org/10.1016/j.polymer.2020.122871
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2020.122871&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Polymer 206 (2020) 122871

2

the small intestine interrupting the enterohepatic circulation to the liver, 
where the increased conversion of cholesterol leads to the lowering of 
the LDL (low-density lipoproteins, “bad”) cholesterol in the blood, and 
simultaneously to an unavoidable increase in the HDL (high-density li
poproteins, “good”) cholesterol and triglycerides, see Ref. [16,17] and 
the references therein. BS sequestrants can also reduce glucose levels in 
patients with type 2 diabetes mellitus, although the mechanism of action 
still remains unclear [18]. 

There is yet room for improvement of the currently used sequestrants 
of water-insoluble cationic hydrogels that have poor patient compliance 
[13,15] and recently some reports on new polymeric BS sequestrants 
have appeared in the literature [19,20]. BS sequestrants based on new 
water-soluble biocompatible substances such as block copolymers that 
interact strongly both electrostatically and hydrophobically could be 
considered as compelling alternatives [21–23]. We have in earlier 
studies investigated the interaction between BSs and triblock co
polymers composed of a hydrophobic middle block of poly(propylene 
oxide) (PPO) and two hydrophilic end-blocks of poly(ethylene oxide) 
(PEO) [24–26]. References to other groups’ studies on 
PEO-PPO-PEO/BS systems can be found in the work by Patel et al. [27]. 
PEO-PPO-PEO copolymers are thermoresponsive block copolymers that 
self-assemble into micelles with a PPO core upon an increase in tem
perature [28–31] and their use in medical formulations is highly rele
vant [32,33]. Overall, our studies on block copolymer/BS systems aim to 
elucidate the co-assembly behavior in the mixed systems, and by that 
give indication on how and which types of block copolymers may be 
used for the aforementioned medical applications. Because the BSs are 
anionic surfactants, it is expected cationic block copolymers would in 
general provide better performance for the BS binding applications 
discussed here. 

With this in mind, we turned our attention to cationic diblock co
polymers consisting of one block of poly(N-isopropylacrylamide) PNI
PAM and one cationic block of poly(3-acrylamidopropyl)- 
trimethylammonium chloride (PAMPTMA(+)) (denoted PNIPAMm-b- 
PAMPTMA(+)n, where m and n are the degrees of polymerization). Like 
many of the PEO-PPO-PEO copolymers, these polymers are biocom
patible and due to the PNIPAM block, they have a thermoresponsiveness 
suitable for biotechnological applications [34]. PNIPAM-based block 
copolymers with one or several charged or nonionic hydrophilic blocks 
self-assemble in water into micelles or other types of structural aggre
gates with increasing temperature, in which the hydrophilic polymer 
chains protect a hydrophobic interior composed of the PNIPAM blocks. 
The micelle formation and phase behavior of PNIPAM-based block co
polymers have been extensively reported in the literature, see, e.g., Refs. 
[35–52] and the references therein. The self-association is a direct effect 
of the change in aqueous solubility of PNIPAM with increasing tem
perature. Aqueous systems of thermoresponsive homopolymers, such as 
PNIPAM, demix at temperatures above the lower critical solution tem
perature (LCST) of the polymer as a result of its loss of water solubility 
due to a decrease of polymer-water hydrogen bonds, and at the same 
time due to the increase of intramolecular hydrogen bonds and hydro
phobic interactions [53–62]. LCST of PNIPAM is usually quoted as 31 ◦C 
or 32 ◦C [63,64], whereas the demixing or cloud point temperature (Tcp) 
varies in the range 24–44 ◦C depending on molecular weight, poly
dispersity, concentration and method of characterization [60,64–66]. 
The aqueous phase behavior of PNIPAM is discussed in detail in a recent 
review by Halperin et al. [64]. 

In order to investigate the potential of using PNIPAMm-b- 
PAMPTMA(+)n copolymers as BS sequestrants, we have performed 
studies on the interaction and complex formation between a specific 
copolymer (PNIPAM120-b-PAMPTMA(+)30) and a natural [23] or a 
synthetically modified [67] bile salt. In these studies, we demon
strated that intriguing supramolecular structures are formed when 
mixing the two oppositely charged species involving both attractive 
electrostatic and hydrophobic intermolecular interactions. Besides 
their potential in BS sequestration, mixed complexes of biocompatible 

copolymers and BSs have recently drawn significant interest, such as 
in formulations of drug carriers based on electrostatically assisted 
assembly [68–70]. The unconventional amphiphilic features of BSs, 
which sometimes are emphasized in synthetically modified 
derivatives, further motivated the interest of these complexes [71,72]. 
However, the temperature effects on the behavior of these copoly
mer–BS mixed complexes especially for medical applications should 
also be underlined and deeply understood. 

In this work, we have extended our previous study on the PNI
PAM120-b-PAMPTMA(+)30/NaDC system [23], which focused on the 
interactions and co-assembled structures in the system at 25 ◦C, to also 
explore the effect of temperature on the association behavior of the 
system. The temperature studied here was in a broad range covering 
body temperature and reaching elevated temperatures above the cloud 
point of PNIPAM. Samples at BS/copolymer charge ratios below and 
above the value at charge equimolarity were investigated to compre
hensively highlight the effect of composition on the thermoresponse. A 
combination of light and X-ray scattering techniques, electrophoretic 
mobility, and differential scanning calorimetry (DSC) measurements 
were used to gain insight into the temperature-dependent assembly in 
the PNIPAM120-b-PAMPTMA(+)30/NaDC system. 

2. Methods and materials 

2.1. Materials 

The diblock copolymer PNIPAMm=120-b-PAMPTMA(+)n=30 with a 
nominal molar mass M = 19 871 g mol− 1 (m and n were determined from 
proton nuclear magnetic resonance, NMR) and number-average molar 
mass Mn = 20 000 g mol− 1 (from gel permeation chromatography 
(GPC), polydispersity was Mw/Mn = 1.20, where Mw is the weight- 
average molar mass) was synthesized by atom transfer radical poly
merization (ATRP), which is described in Refs. [23,38]. The homopol
ymer PNIPAM97 (M = 11 077 g mol− 1, Mn = 12 300 g mol− 1 and Mw/Mn 
= 1.17) was synthesized by ATRP as described in Ref. [73]. The bile salt 
sodium deoxycholate (NaDC) with M = 414.55 g mol− 1 was purchased 
from Sigma Aldrich (assay ≥ 99%) and used as received. Fig. 1 illustrates 
the molecular structures of the two chemical species. 

Fig. 1. Molecular structures of (a) the diblock copolymer PNIPAM120-b- 
PAMPTMA(+)30 and (b) NaDC studied in this work. 
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2.2. Sample preparation 

All solutions of PNIPAM120-b-PAMPTMA(+)30 copolymer and 
NaDC were prepared with water purified using a Milli-Q system 
(Millipore Corporation, Bedford, MA). The sample preparation is 
described in detail in Ref. [23]. The composition is expressed in molar 
fraction of negative charge, defined as X = n− /(n− + n+), where n−

and n+ are the number of moles of negative charges (= number of 
moles of NaDC) and number of moles of positive charges (= 30 ×
number of moles of PNIPAM120-b-PAMPTMA(+)30), respectively. The 
PNIPAM120-b-PAMPTMA(+)30–NaDC mixed solutions were prepared 
with a constant copolymer concentration of 0.13 wt% and varying 
NaDC content (0.49, 0.98, 1.96, 3.93, 7.85, 15.7, 31.4 mM) so that X is 
equal to 0.20, 0.33, 0.50, 0.67, 0.80, 0.89 and 0.94, respectively. 
These charge fractions correspond to bile salt-to-copolymer molar 
charge ratios (CR = n− /n+) between 0.25 and 16 (X or CR = 0 denotes 
the pure block copolymer). M values from NMR were used in all 
concentration calculations. The mixed solutions used in the light 
scattering and electrophoretic mobility experiments were filtered 
through 0.45 μm-Millex-HV syringe filters from Millipore (now Merck 
Millipore) prior to the measurements. In the case of the DSC and small 
angle X-ray scattering (SAXS) experiments, the solutions studied were 
not filtered and they had a higher fixed copolymer concentration 
(0.50 wt%) to produce a good signal. 

2.3. Dynamic light scattering 

A Zetasizer Nano ZS instrument from Malvern Instruments, Ltd., 
Worcestershire, U.K was utilized to perform temperature dependent 
dynamic light scattering (DLS) measurements in a backscattering ge
ometry at a scattering angle of θ = 173◦ using DTS1070 disposable 
folded capillary cells [74]. The instrument is equipped with a He− Ne 
laser (λ = 632.8 nm, 4 mW) with an automatic laser attenuator, and the 
detection unit comprises an avalanche photodiode. The temperature 
interval ranged from 20 to 60 ◦C. Increments of 2 ◦C were used and with 
a delay time of 120 s after each increment to ensure equilibrium of the 
system. 

The obtained time autocorrelation functions of the scattered in
tensity were evaluated by the Cumulant method [75,76]. In this anal
ysis, the logarithm of the normalized electric field autocorrelation 
function g(1)(t), obtained from the normalized intensity autocorrelation 
function g(2)(t) through g(2)(t) − 1 = β

⃒
⃒g(1)(t)

⃒
⃒2, is expressed as a Taylor 

expansion to which the experimental data is fitted: 

ln
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

g(2)(t) − 1
√ )

=
1
2

lnβ − 〈Γ〉t +
1
2

μ2
2t2… (1)  

where the first cumulant is the same as the average of the relaxation rate 
〈Γ〉 and μ2 is the second cumulant. β is the coherence factor taking into 
account deviations from ideal correlation and experimental geometry 
(in this work, β was typically 0.9). 

The result of the Cumulant analysis is presented in this work as a 
mean relaxation time 〈τ〉 (here defined as 〈τ〉 = 1/〈Γ〉, see Eq (1)) or, to 
account for changes in the absolute temperature and solvent viscosity, 
the reduced mean relaxation time 〈τ〉T/η0. Using 〈τ〉 allowed for 
conveniently follow the effect of NaDC on the temperature-dependent 
solution behavior at a finite concentration. Both the DLS data and the 
simultanously recorded total light scattering intensity (Itot) (without any 
subtraction of the solvent scattering) are presented as the average of 
three consecutive measurements together with the estimated standard 
deviation (std) at each temperature. 

2.4. Electrophoretic mobility measurements 

Measurements of the electrophoretic mobility (μ) at different tem
peratures were performed at θ = 13◦ using the same instrumental setup 

and type of cuvettes as for the light scattering experiments, see Ref. [23] 
for more details. The μ values are presented as the average of three 
consecutive measurements together with the estimated std. They were 
not corrected for the change in solvent viscosity with temperature. 

2.5. High-sensitivity differential scanning calorimetry 

A MicroCal VP-high-sensitivity differential scanning calorimeter 
from Malvern Instruments (now Malvern Panalytical Ltd), Malvern, 
United Kingdom was used to perform the DSC measurements on the 
mixed solutions. The instruments have two cells of 0.5065 mL, one for 
the sample and one for the solvent reference (here water). For all sam
ples, two to three consecutives up and down scans in temperature were 
carried out in the range 5–80 ◦C with a scanning rate of 0.5 ◦C min− 1. 
The sample was injected cold into the sample cell at 5 ◦C and was let to 
equilibrate for 15 min before the first up scan was started. The down 
scan started immediately after reaching the highest temperature and 
once reached 5 ◦C, the sample was allowed to equilibrate for 5 h before 
the second up scan was performed. In some cases, a third set of scans was 
executed. Identical up scans were obtained, which demonstrates that the 
solutions may return to the homogenous one-phase after storage at low 
temperature. The thermograms are expressed as apparent molar heat 
capacity (Cp,app) versus temperature. 

2.6. Small angle X-ray scattering 

SAXS measurements were performed at the SWING beamline of 
SOLEIL Synchrotron Facility (Saint-Aubin, France) with the beam en
ergy of 12.0 keV. Scattering data were collected using a 17 × 17 cm2 

low-noise AVIEX CCD detector with q values ranging in the interval from 
0.023 nm− 1 to 3.4 nm− 1 (q = 4π

λ sin(θ /2) and θ is the scattering angle). 
An automated robot provided at the beamline was used in the experi
ments [77]. In order to avoid possible beam damage of the samples, the 
measurements were performed using a continuous flow of the investi
gated solution (50 μL min− 1) in front of the beam. The capillary and the 
solution were equilibrated at each investigated temperature before 
sample injection. The SAXS data reduction (radial averaging, back
ground subtraction, absolute intensity calibration with water [78]) was 
performed using the FoxTrot software (https://www.synchrotron-soleil. 
fr/en/beamlines/swing) developed at the beamline. 

3. Results and discussion 

We have previously demonstrated using cryo-transmission electron 
microscopy (cryo-TEM) that the PNIPAM120-b-PAMPTMA(+)30 block 
copolymer and NaDC form mixed complexes with intriguing morphol
ogies at 25 ◦C [23]. In order to complement our previous study, we here 
report on the thermoresponsive behavior of the PNI
PAM120-b-PAMPTMA(+)30–NaDC mixtures to retrieve information 
about temperature-induced interactions and association of the systems 
at elevated temperatures. The dilute mixed solutions were investigated 
at compositions below and above charge neutralization in the range 0 ≤
X ≤ 0.94 and in the temperature range 5–80 ◦C. 

3.1. Light scattering measurements 

The thermoresponsive behavior of the pure copolymer solution and 
the mixed solutions of the copolymer and BS was explored by analyzing 
the total scattered intensity as a function of temperature. The data are 
presented in Fig. 2. 

We have previously demonstrated that mixed supramolecular tape- 
like structures are formed in aqueous mixtures of PNIPAM120-b- 
PAMPTMA(+)30 and NaDC at 25 ◦C as a result of the electrostatic 
interaction between the DC– anions and the PAMPTMA(+) blocks of the 
copolymers and hydrophobic bile salt-bile salt interactions [23]. This 
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strong intermolecular interaction is also reflected by the fact that the 
temperature response of the mixed solutions altered significantly in 
comparison to the pure copolymer solution, for which Itot was very low 
over the whole temperature range. As observed in Fig. 2, the scattering 
intensity of the mixed solutions increased sharply at a specific transition 
temperature. The cloud point temperatures were determined from the 
initial rise in Itot. Except for X = 0.67, 0.89 and 0.94 that precipitated 
above 34/36 ◦C (Fig. S2), the Tcp values are in the range of 34–36 ◦C. 
Slightly higher values (36–40 ◦C) were determined from the inflection 

point of the curves as estimated from its first derivative (Fig. S1). The 
presented light scattering results illustrate that the thermoresponsive 
performance of the PNIPAM120-b-PAMPTMA(+)30/NaDC system leads 
to pronounced association into large copolymer-bile salt aggregates (or 
precipitation) reflecting the change in water-solubility of PNIPAM at 
elevated temperatures. 

In line with our results, precipitation has been reported [79,80] to 
take place for mixtures at elevated temperatures in oppositely charged 
PNIPAM copolymer-surfactant systems as the PNIPAM parts dehydrate 
and remove the steric repulsion between the particles. The precipitation 
at X = 0.67 (i.e., charge ratio, CR = 2), can be explained by that this 
sample contained complexes with an electrophoretic mobility close to 
zero at 25 ◦C (see Ref. [23]). This observation is further discussed in 
connection with the results from the electrophoretic mobility experi
ments. The precipitation occurring in the mixed solutions with the 
highest charge fractions of bile salt (X ≥ 0.89, CR ≥ 8) is probably 
caused by the significant ionic strength due to the high bile salt con
centration. As these BS concentrations are higher than CMC, depletion 
effects from NaDC micelles could also contribute to the precipitation of 
the aggregates. 

DLS measurements were carried out on the filtered block copoly
mer–BS mixed solutions and pure copolymer solution as a function of 
temperature. It should be noted that whereas the unfiltered mixed so
lutions contain co-existing globular and tape-like complexes, the latter is 
the dominant structure after filtration [23]. Fig. 3a displays the time 
autocorrelation functions of the scattered intensity for a mixed sample 
with equimolar charge composition (i.e., X = 0.50) measured at various 
temperatures between 20 and 60 ◦C. They demonstrate a noticeable shift 
toward longer times at around 36 ◦C, indicating aggregate growth, thus 
corroborating the increase in scattering intensity seen in Fig. 2. The 
corresponding relaxation time distributions obtained from inverse Lap
lace transformation by non-linear least square (NNLS) analysis are 
presented in the inset of Fig. 3a. 

The tape-like copolymer-bile salt mixed complexes of several micro
meter in length as detected by cryo-TEM at 25 ◦C [23] do not allow for an 
unambiguous interpretation of the relaxation time distributions at X =
0.50. In Ref. [23], the distributions obtained from regularized inverse 
Laplace transformation (REPES) analysis of the pseudo-cross correlation 

Fig. 2. The total light scattering intensity (Itot) (without any subtraction of the 
solvent scattering) as a function of temperature of aqueous solutions of PNI
PAM120-b-PAMPTMA(+)30 and NaDC at different charge fractions (X): X =
0 (black, pure copolymer solution), X = 0.20 (red), X = 0.33 (brown) X = 0.50 
(green), X = 0.67 (blue), X = 0.80 (magenta), X = 0.89 (orange) and X = 0.94 
(grey). The samples with X = 0.67, 0.89 and 0.94 were not investigated in the 
precipitation region occurring at elevated temperatures. The copolymer con
centration was 0.13 wt% in the mixtures. The concentration of the pure 
copolymer solution was 0.20 wt%. The error bars (± std of three consecutive 
measurements) are within the size of the symbols. The interpolating lines are 
guides to the eye. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 3. (a) Normalized autocorrelation functions of the scattered intensity for the PNIPAM120-b-PAMPTMA(+)30–NaDC mixed solution at X = 0.50 (CR = 1) and the 
corresponding relaxation time distributions obtained from NNLS analysis (inset) at the different temperatures indicated. The x-axis is corrected for the change in 
absolute temperature and solvent viscosity relative to 20 ◦C by multiplying a correction factor of (T /η0)/(293 /η293); (b) The temperature dependence of the reduced 
mean relaxation time from Cumulant analysis (〈τ〉T/η0) of aqueous solutions of PNIPAM120-b-PAMPTMA(+)30 and NaDC at different charge fractions (X): X =
0 (inset, black), X = 0.20 (red), X = 0.33 (brown), X = 0.50 (green), X = 0.67 (blue), X = 0.80 (magenta), X = 0.89 (orange) and X = 0.94 (grey). The transition 
regime is marked light grey. The samples with X = 0.67, 0.89 and 0.94 were not investigated above the precipitation region occurring at elevated temperatures. The 
copolymer concentration was 0.13 wt% in the mixtures. The concentration of the pure copolymer solution was 0.20 wt%. The error bars are ± std of three 
consecutive measurements. The interpolating lines are guides to the eye. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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functions at different angles clearly exhibited two relaxation modes (see 
Supporting information of ref [23]). A slow mode, which was attributed to 
translational diffusion (τslow ∝ q− 2) possibly connected to the shorter tapes 
in the population that were within the size range of detection (qRg < 1), 
and a fast relaxation mode, which was proposed to be related to a trans
lational diffusion-coupled internal motion mode linked to the some kind of 
thermal bending fluctuations of the tape. The relative amplitude of the fast 
mode was observed to increase on the expense of that of the slow mode 
with increasing scattering angle up to θ = 145◦, which was the maximum 
angle of that study. In accordance with the data of ref [23], we notice that 
the bimodal feature of the relaxation time distributions at temperatures 
below Tcp (36 ◦C) is still present in Fig. 3a, however the modes are less 
resolved in comparison. Furthermore, as observed in the figure, the rela
tive amplitude of the slow mode is small, as compared to the fast mode, 
with a significant uncertainty of position. It is also much less dominant 
than what was observed at θ = 145◦ [23]. In our present study, DLS 
measurements were performed at fixed angle of 173◦, which could explain 
these differences in peak amplitude and the diminishing slow mode 
compared to our previous work. At such high angle, the scattering is 
further reduced because of the strong angular dependence of the form 
factor of large extended structures (high destructive interference), which 
leads to qR g≫1 and a smaller portion of the population is monitored. At 
temperatures above Tcp, reasonably monomodal distributions corre
sponding to the translational diffusion of aggregates are found. 

Because of these complicated relaxation processes below the transi
tion temperatures, the mean relaxation time obtained from the Cumu
lant analysis was considered to follow the temperature-dependent 
association behavior of the PNIPAM120-b-PAMPTMA(+)30/NaDC system 
as a function of composition (Fig. 3b). For the pure block copolymer 
solution (X = 0), very noisy autocorrelation functions were measured 
due to the low scattered intensity and poor statistics. As established 
earlier [36,42,43,46,51,80], at temperatures below the phase transition 
temperature of PNIPAM, PNIPAM-based block copolymers can be pre
sent as single polymer coils (unimers) in dilute aqueous solution 
co-existing with a few large multi-chain aggregates (“clusters”) due to 
the fact that PNIPAM is an amphiphilic polymer [59]. In the inset of 
Fig. 3b, a step-wise lowering of the reduced mean relaxation time is 
shown at 36–40 ◦C, suggesting a shrinkage of these clusters with tem
perature, which implies a decrease roughly from 280 to 200 nm in 
apparent mean hydrodynamic diameter 〈DH〉 as calculated from 
Stokes-Einstein relation. This behavior can also be easily observed in the 
hydrodynamic diameter distributions from NNLS analysis as shown in 
Fig. S3. As noticed, bimodal distributions dominated by the slow cluster 
mode are obtained at low temperatures, while above the transition 
temperature regime, the distributions become monomodal and shift 
towards smaller sizes as more compact aggregates are formed, in 
coherence with the study of Bayati et al. [43]. 

In the case of the PNIPAM120-b-PAMPTMA(+)30–NaDC mixed solu
tions, the DLS data allow us to identify two types of thermal behaviors 
(Fig. 3b). The relaxation time versus temperature shows a significant 
increase within a transition regime (30–36 ◦C) and levels off at higher 
temperatures for both the mixtures with a low fraction of bile salt (X =
0.20, 0.33, 0.50 or CR = 0.25, 0.50, 1) and for the samples with 
exceeding bile salt charge fraction with the exception of the samples at 
X = 0.67, 0.89 and 0.94, where precipitation took place (data also re
ported in Fig. S2). We find that 〈DH〉 of the aggregates at 60 ◦C is equal to 
135.2 nm, 69.0 nm, 79.5 nm and 186.0 nm at X = 0.20, 0.33, 0.50 and 
0.80, respectively, thereby showing that a lowering of the aggregate size 
occurs at the first additions of the BS, whereas a growth takes place 
beyond a certain threshold of BS fraction (X = 0.33). In addition, 
interestingly, an initial fastening of the relaxation times of the X = 0.80 
was observed, which indicates a shrinkage of the assembling complexes 
prior to the transition (Fig. 3b). 

The samples with the highest charge fractions (X = 0.89 and 0.94) 
showed a less regular temperature behavior (Fig. S2b). The reduced 

mean relaxation times (〈τ〉T/η0) at low temperature were significantly 
slower than those obtained for solutions with lower NaDC fraction 
(Fig. 3b). Like the Itot data (Fig. 2), the values are constant up to about 
36 ◦C. Above this temperature, the aggregation process induced 
precipitation. 

3.2. Electrophoretic mobility measurements 

The effect of temperature on the association behavior of the PNI
PAM120-b-PAMPTMA(+)30/NaDC mixtures was revealed by changes in 
the mean electrophoretic mobility, which was measured at different 
compositions (0 ≤ X ≤ 0.94) as a function of temperature. 

Starting from electrophoretic mobility values close to zero at 
ambient temperatures, it is observed that for mixtures with X = 0.50 and 
below, μ increased steeply with increasing temperature at a certain 
critical temperature (typically around 34 ◦C) to reach a maximum 
plateau value (between 4.5⋅10− 8 – 7.2⋅10− 8 m2s− 1V− 1). This tempera
ture coincides with Tcp obtained from the total scattering intensity in 
each case. Interestingly, these data implies that at X = 0.50 (CR = 1), for 
which the electrophoretic mobility is positive (at all temperatures), a 
fraction of bile salt not participating in the complex was present at 
charge equimolar composition, as verified in similar block copolymer- 
surfactant mixtures reported in literature [81,82]. 

The DLS results presented in chapter 3.1 indicate that in the case of 
the pure block copolymer solution, the dehydration of the PNIPAM 
blocks induces shrinkage of the copolymer clusters (Fig. 3b, inset). In 
addition, we believe that the dehydration makes some of the free 
unimers, which coexist with the clusters at low temperature, associate 
with the copolymer-BS mixed aggregates above the transition temper
ature. The two effects result in the formation of aggregates at high 
temperature with less hydration water and thereby a higher charge 
density (charge/volume ratio), which in turn is reflected in an increase 
of the electrophoretic mobility with temperature as shown in Fig. 4 for 
the pure block copolymer. This result is in agreement with what has 
been reported before for pure copolymers of the same kind [43]. 

In the mixtures, the complexes formed by co-assembly at low tem
peratures [23] rearrange into copolymer-BS aggregates of different 
structures above the transition temperature. Typical aggregates can be 

Fig. 4. The temperature dependence of the average electrophoretic mobility 
(μ) of aqueous mixtures of PNIPAM120-b-PAMPTMA(+)30 and NaDC at different 
charge fractions (X): X = 0 (black, pure copolymer solution), X = 0.20 (red), X 
= 0.33 (brown), X = 0.50 (green), X = 0.67 (blue), X = 0.80 (magenta), X =
0.89 (orange) and X = 0.94 (grey). The samples with X = 0.67, 0.89 and 0.94 
were not investigated in the precipitation region occurring at elevated tem
peratures. The copolymer concentration was fixed at 0.13 wt%. The error bars 
(± std of three consecutive measurements) are within the size of the symbols. 
The interpolating lines are guides to the eye. (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the Web version of 
this article.) 

G. Du et al.                                                                                                                                                                                                                                       



Polymer 206 (2020) 122871

6

envisioned either having a core-corona architecture with an interior 
containing dehydrated PNIPAM and DC– neutralized PAMPTMA(+) 
segments or formed by partially BS neutralized copolymer chains with 
less dehydrated PNIPAM blocks (see DSC and SAXS results and discus
sion in chapters 3.3 and 3.4). Whatever the structure of the aggregates, 
like for the pure copolymer system, reaching the transition temperature, 
PNIPAM dehydration (i.e., compaction) occurs, which leads to an in
crease of the charge density of the aggregates. This effect, together with 
specific effects related to the structural rearrangements, leads to an in
crease of the μ values. In addition, for the mixtures at low NaDC fraction 
(X = 0.20 and 0.33, i.e., CR = 0.25 and 0.50), a significant fraction of 
non-associated block copolymers is expected to be in equilibrium with 
the mixed complexes, we believe that the loss of the PNIPAM water 
solubility also promotes an extensive association of those copolymers to 
the aggregates. Overall, the trends are in line with those found for 
mixtures of the same copolymer but containing a bile salt derivative 
instead of NaDC [67]. 

At a high charge fraction (X = 0.80, CR = 4) an opposite trend of the 
electrophoretic mobility was recorded with a lowering toward signifi
cantly negative values (between − 5.3 ⋅10− 8 and − 3.6 ⋅10− 8 m2s− 1V− 1). 
In this mixture, large aggregates form when increasing the temperature, 
however, there is a large fraction of amphiphilic bile salt molecules not 
interacting with the block copolymer at low temperature and that could 
associate to the copolymer-BS mixed aggregates (a charge reversal 
process) as they become increasingly hydrophobic upon increasing 
temperature. This association process prevented the aggregates from 
precipitating due to increased repulsive interaction, even though the 
PNIPAM blocks were dehydrated. 

As reported in our previous paper the μ value for the X = 0.67 sample 
at room temperature is around zero [23]. This fraction represents the 
crossover point between complexes having μ values slightly positive at 
lower X or slightly negative at higher X. It therefore experienced the 
highest tendency of precipitation when increasing the temperature. For 
this sample, the hydrophobic interaction determined an enhanced 
growth of the aggregates that finally precipitated out of the solution as 
confirmed by visual inspection. The sedimentation of the precipitates 
led to significant decrease in scattering intensity above 34 ◦C and no 
further measurements were performed in the precipitation regime. As 
mentioned before, precipitation also occurred at the highest X values 
investigated (X ≥ 0.89) as a result of that the concentration of NaDC is 
high and well above CMC. 

3.3. DSC measurements 

High-sensitivity DSC is a technique well suited to follow thermal 
transitions in polymer-surfactant solutions, which makes it an inter
esting method in our case to gain detailed information (direct or indi
rect) on the interaction between the block copolymer and the bile salt. 
Because of the entropically favorable release of water (i.e., dehydration) 
occurring at the phase transition of PNIPAM, DSC has previously been 
successfully employed to study PNIPAM/water systems, as well as to 
follow the onset of demixing upon heating [42,83–87]. Other experi
mental methods have also been employed to investigate the phase 
transition of PNIPAM, see, e.g., Refs. [64,88] and the references therein. 
The temperature dependent phase behavior of PNIPAM in water can be 
tuned by the addition of different kinds of charged surfactants [54, 
89–91]. 

To find evidence of our hypothesis that the origin of the 
temperature-induced association process found in the PNIPAM120-b- 
PAMPTMA(+)30–NaDC mixed solutions is due to the temperature 
dependent phase behavior of PNIPAM, we performed DSC measure
ments on a selection of solutions at X = 0, 0.20, 0.33, 0.50, and 0.80 
(CR = 0, 0.25, 0.50, 1.0, and 4.0, respectively). For comparison, pure 
solutions of the copolymer and a homopolymer with 97 NIPAM units 
(PNIPAM97) were investigated as well. No signal was observed in the 
DSC thermogram of 100 mM NaDC in water (data not shown) in 

accordance with the data previously reported for 96 mM sodium 
glycodeoxycholate in water [24]. The up-scan DSC thermograms are 
presented in Fig. 5a. We have used the temperature of the onset of the 
transition peak (Tonset) to characterize the phase transitions of the 
different samples (Fig. 5b). The temperatures of peak maximum (Tmax) 
follow the same trend (Fig. 5b and Table 1). 

All DSC traces show transition processes with an endothermic tran
sition enthalpy ΔHtr (Table 1). According to previous DSC results on 
PNIPAM homopolymers [83,92] and the same types of block copolymers 
[42,87], this process is related to the heat-induced phase transition of 
PNIPAM. We can thus propose that the signal found in the thermograms 
of the mixed copolymer-bile salt solutions is related to changes in the 
water solubility of the PNIPAM block as the light scattering results 
already anticipated. The pure copolymer data are in good agreement 
with those reported in Ref. [67] on the same copolymer at a higher 
concentration (c.f., Tonset = 40 ◦C, ΔHtr = 133 kJ mol− 1 for 1.0 wt%) 
(Table 1). Tonset and Tmax are significantly higher than the corresponding 
temperatures of the PNIPAM97 homopolymer solution (Table 1). It is 
especially worth noting that the transition enthalpy per mole of NIPAM 
unit measured for PNIPAM97 are within the reported range for PNIPAM 
homopolymers [42,83,89,93]. It should be stressed that the transition 
temperatures of PNIPAM homopolymers varies with both molecular 
weight and end-group [66,93]. End effects are increasingly relevant for 
molecular weights below 15 000 g mol− 1. The initiator ethyl 2-chloro
propionate used in our case, as well as in Ref. [42], is an uncharged, 
slightly hydrophobic end group. Both DSC data sets are in agreement to 
those presented in Ref. [93]. Furthermore, the homopolymer solution 
presented down-scan traces with a hysteresis towards lower tempera
tures. Ding et al. have previously reported a hysteresis effect in the DSC 
traces in the case of PNIPAM samples [85]. This effect could be related to 
what is reported in Ref. [94], where the authors, by using the 
temperature-modulated DSC method, suggest that the PNIPAM phase 
transition can be separated into the endothermic event related to rear
rangement of water and a second exothermic event related to the hy
drophobic intermolecular interaction between hydrophobic groups in 
the chain. Moreover, the difference observed between the copolymer 
and the homopolymer in Fig. 5a has its origin in the electrostatic 
repulsion between the PAMPTMA(+) blocks of the copolymer unimers. 
This hinders the aggregation process causing the copolymer to be more 
soluble at higher temperatures than the homopolymer. For this reason, 
block copolymer undergoes only a partial dehydration as reflected in the 
smaller transition enthalpy per mole of NIPAM unit (Table 1), which 
also are observed for terpolymers of PNIPAM and ionizable acrylic acid 
groups [95]. 

A small amount of NaDC present in the PNIPAM120-b-PAMPTMA(+)30 
solution altered the picture as represented by the curve at X = 0.20 in 
Fig. 5a. The shape of the transition changed, as a low-temperature part 
developed while the remaining high-temperature part was markedly 
reduced. This caused a significant shift towards lower values of the transi
tion temperatures: Tonset ≈ 34 ◦C and Tmax ≈ 36 ◦C for X = 0.20 (Table 1). In 
the solutions at this low bile salt content, there exist some free copolymer 
chains not involved in the co-assembly into the well-organized copolymer- 
BS complexes imaged by cryo-TEM at room temperature [23]. We envision 
a large fraction of these un-complexed copolymers as being assembled into 
co-existing multi-chain clusters, as revealed in the DLS measurements on 
the pure copolymer (Fig.3b and Fig. S3). These clusters may also contain 
some DC– anions associated by electrostatic interactions. Reaching the 
phase transition temperature Tonset , aggregation occurs due to dehydration 
of PNIPAM. Since there are un-complexed copolymers present at this point, 
they aggregate non-cooperatively at a slightly higher temperature, thus 
justifying the high-temperature “shoulder” of the transition peak. The latter 
thermal event is better discerned in the inset of Fig. 5a, where the position of 
the shoulder correlates well with the transition peak of the pure copolymer 
solution. The thermogram of X = 0.33 also exhibits a “tail” at the 
high-temperature side of the main peak. Therefore, the DSC data of the 
mixtures with low NaDC content indicate that there are two PNIPAM 
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dehydration events taking place in the mixtures, one cooperative process 
that could be related to the aggregation of the mixed complexes and one less 
cooperative aggregation process connected to the BS-containing copolymer 
clusters. Although it is not possible to obtain structural information from 
DSC, we could speculate that these different events seem to point towards 
that at high temperatures, well above the phase transition, the system could 
include two types of aggregates containing dehydrated PNIPAM. This 
suggested interpretation is supported by the SAXS analysis presented in 
chapter 3.4. 

The traces of the X = 0.50 and 0.80 mixtures on the other hand 
display a single, very narrow, transition peak with high amplitude 
indicative for a highly cooperative process with a Tonset ≈ 33 ◦C (Fig. 5b) 
and with corresponding ΔHtr values of 463 and 396 kJ mol− 1, respec
tively (Table 1). The Tonset values are in reasonable agreement with the 
Tcp values estimated from SLS measurements. It is clear from comparison 
of the transition temperatures that the copolymer-BS complex formation 
at room temperature makes the copolymer less water-soluble, over
compensating the effect of charge of the ionic PAMPTMA(+) block and 
decreasing the transition temperature down to values lower than that of 
both the copolymer and the homopolymer (Fig. 5a). In other words, the 
PNIPAM blocks undergoing this cooperative aggregation process largely 
belong to the copolymer molecules in which the charged block is 

engaged in stronger interactions with the bile salt and does not exert the 
“retarding” shoulder effect on the PNIPAM transition as seen at lower X. 
Also, the colloidal stability of the system at X = 0.50 and 0.80 above the 
transition temperature suggests that the inter-aggregate interaction is 
repulsive and should involve either a positive (X = 0.50) or a negative 
charge (X = 0.80) of the aggregates at these compositions, see Fig. 4. A 
perfect overlap of the DSC curve was observed between consecutive 
scans, demonstrating the reversibility of the thermally induced transi
tion within the 5 h interval between runs (see also long-time experi
ments reported in Fig. S4). 

3.4. SAXS measurements 

SAXS measurements were performed on solutions of PNIPAM120-b- 
PAMPTMA(+)30 and NaDC with X = 0, 0.20, 0.33, 0.50, and 0.80. The 
temperatures were selected so that the experiments were performed 
both below and well above their individual transition temperatures (25 
and 60 ◦C, respectively). The SAXS data at 25 ◦C reported in Ref. [23] 
showed that the X-ray scattering intensity of the unfiltered sample with 
X = 0.50 in the measured q range was dominated by the contribution of 
the globular mixed complexes with extended and soluble PNIPAM 
corona chains, but the co-existing tape-like complexes were not 
detectable. The results of the SAXS measurements at 60 ◦C are presented 
and compared with the data collected at 25 ◦C [23] in Fig. 6. 

The profile of the pure block copolymer solution shows a growth of 
the scattered intensity as the temperature increases above the phase 
transition temperature of PNIPAM (Fig. 6a, right panel). Neglecting the 
upturn at the lowest q (also seen at 25 ◦C, Fig. 6a, left panel), which is 
possibly related to the existence of large clusters [23], the slope of the 
intensity decay would be compatible to inhomogeneities of the order of 
10 nm (Fig. S5). The upturn at low q is preserved at the first addition of 
NaDC (X = 0.20), meaning that a contribution of large clusters is kept in 
the SAXS curve. For this sample a general increase of the scattered in
tensity was observed (Fig. S5), indicating a growth of the average size of 
the sample inhomogeneities. The very large 〈DH〉 values obtained from 
DLS at X ≤ 0.20 confirm the presence of clusters in these samples. With 
further addition of bile salt, the low q upturn is lost. The indirect Fourier 
transformation analysis suggests that the scattering curve for the sample 
with X = 0.33 originates from structures with an average Rg = 17 nm 
(Fig. S5) and a maximum diameter of 48 nm (Fig. S6a). 

At X = 0.50 and 0.80, there is strong increase of the scattered 

Fig. 5. (a) The apparent heat capacity (Cp,app) as a function of temperature for aqueous solutions of PNIPAM120-b-PAMPTMA(+)30 and NaDC at different charge 
fractions (X): X = 0.20 (red), X = 0.33 (brown), X = 0.50 (green), X = 0.80 (magenta) and for pure solutions of copolymer PNIPAM120-b-PAMPTMA(+)30 (X = 0, 
black solid line) and homopolymer PNIPAM97 (black dashed line). The polymer concentration was 0.50 wt% except for X = 0.33 and 0.50, where it was 0.25 wt%. 
The inset shows the phase transition regime for X = 0 (black) and X = 0.20 (red); (b) The onset temperature Tonset (black) and maximum temperature Tmax (red) of the 
transition in the DSC traces in (a) as a function of the corresponding charge fraction (X). The interpolating dashed lines are guides to the eye. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Transition enthalpy (ΔHtr), onset (Tonset) and maximum (Tmax) transition tem
peratures of PNIPAM120-b-PAMPTMA(+)30–NaDC aqueous solutions at different 
charge fraction (X) and of solutions of pure PNIPAM120-b-PAMPTMA(+)30 and 
PNIPAM97 with polymer concentration (Cpolymer). Scan rate: 30 ◦C/h.  

Xa CRb Cpolymer /mM  ΔHtr
c /kJ mol− 1  Tonset /◦C  Tmax /◦C  

0d 0 0.25 132 (1.1) 43.0 48.7 
0.20 0.25 0.25 266 (2.2) 34.0 35.9 
0.33e 0.5 0.12 168 (1.4) 35.0 35.8 
0.50e 1 0.12 463 (3.9) 33.3 33.9 
0.80 4 0.25 396 (3.3) 33.5 34.2 
PNIPAM97 – 0.45 555 (5.7) 37.0 39.2  

a X = n− /(n− + n+). 
b CR = n− /(n+). 
c Value expressed as kJ per mole of PNIPAM (kJ per mole of NIPAM unit in 

parenthesis). 
d 0.50 wt% PNIPAM120-b-PAMPTMA(+)30 in water. 
e Samples with a copolymer concentration of 0.25 wt%. 
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intensity. This indicates a notable structural rearrangement above the 
transition temperature with an evident growth of the copolymer–BS 
aggregates, reaching average dimensions well beyond the Guinier limit. 
Mainly the tail of the scattering profile of these aggregates is detected at 
low q, providing a q− 4 slope at X = 0.80 as expected for smooth in
terfaces according to the Porod law. The most characteristic feature of 
the curve at X = 0.80 is however the presence of a weak peak at qpeak =

0.23 nm− 1, which suggests the existence of segregated nanoregions 
within the large aggregates with a characteristic packing distance 2π/
qpeak of about 27 nm. The scattering profile of the charge equimolar 
sample (X = 0.50) suggests an intermediate situation. It includes fea
tures of both the X = 0.80 sample, reminiscent of microphase separation 
(the weak peak, a higher slope closer to the Porod-like behavior) and of 
the X = 0.33 sample, reminiscent of spherical aggregates (the oscillation 
with a minimum in the q range around 0.2 nm− 1). 

Fits of the SAXS curves were also performed by modeling the scat
tering particles at 60 ◦C. The details of the fits are reported in chapter 3.2 

of the Supplementary material. The coexistence of different structures 
was needed to reproduce the experimental curve. The contribution and 
the type of structures were observed to depend on the sample compo
sition. For all the samples at X ≤ 0.50, the presence of free block 
copolymer chains and block copolymer micelles was needed. At X =
0 and 0.20, large spheres were used to account for the contribution of 
the clusters. At X = 0.20, a contribution of spherical mixed aggregates 
larger than the copolymer micelles (core radius of about 16 nm) was also 
needed in the data fitting. The size of these aggregates increased to 
about 20 nm at X = 0.33, where their scattering became dominant. This 
contribution was preserved at X = 0.50, where additional larger ag
gregates were observed with a diameter larger than 80 nm. At the 
highest BS content (X = 0.80) the fit was performed assuming a further 
growth of these large aggregates with a broad peak feature related to 
their internal structure. In addition, a contribution of NaDC micelles 
formed at this large surfactant fraction was also introduced. 

Based on the DSC results, and supported by the results from the other 
techniques reported, we can now summarize the thermoresponsive 
behavior of the block copolymer-bile salt system. At low temperature, 
without any bile salt and well below the cloud point, the copolymer is 
present as single chains that coexist with loose multichain clusters ac
cording to previous studies on similar copolymers [42,43]. In this con
dition, the DLS autocorrelation function is dominated by the 
translational diffusion process of large clusters, which undergo a size 
shrinkage upon increasing the temperature (see inset of Fig. 3b). At the 
phase transition or cloud point, the aggregation process is accompanied 
by only a partial dehydration of the PNIPAM chains, which is reflected in 
a lower transition enthalpy as compared to the PNIPAM homopolymer 
(see Table 1). This result is in coherence with the DSC data reported for 
similar PNIPAM-b-PAMPTMA(+) block copolymers in water [42,87]. 
SAXS data demonstrate that free copolymer chains and a very little 
fraction of small micelles with a core of dehydrated PNIPAM blocks and 
a corona of PAMPTMA(+) blocks coexist with the clusters at 60 ◦C. 

In the mixtures with the bile salt at room temperature, mixed com
plexes form through a preferential interaction between the cationic 
PAMPTMA(+) blocks and the DC− anions [23]. The neutralization given 
by DC– at X = 0.20 triggers an enhanced dehydration of the block 
copolymer at Tcp into denser aggregates, which scatter a higher intensity 
in the light scattering experiments (Fig. 2). This also explains the in
crease in cooperativity of the transition in comparison to the pure 
copolymer (see DSC scans in the inset of Fig. 5a and Table 1). 

Above the transition, at 60 ◦C, the SAXS curve of the X = 0.20 sample 
shows that clusters, reasonably formed by partially DC− anion- 
neutralized copolymer chains, and small copolymer micelles are kept 
as well as free chains. In addition, mixed aggregates with a core radius of 
about 16 nm, start to form. The corresponding DSC trace presenting a 
shoulder at higher temperature, supports the coexistence of different 
structures in this sample (Fig. 5a). Reasonably, the cooperative process 
occurring at lower temperature in the DSC trace of X = 0.20 results in 
the formation of the 16 nm mixed aggregates. For this aggregate, a core 
of densely packed PNIPAM chains and a corona of PAMPTMA(+) blocks 
largely neutralized by DC– anions is proposed. The formation of looser 
and larger aggregates similar to the shrunken clusters of the pure block 
copolymer justifies the shoulder of the DSC peak. 

As the content of NaDC is increased in the mixtures, larger fractions 
of copolymers are engaged in the interaction with BS molecules below 
the characteristic Tonset. This is reflected by that the low-temperature 
part of the DSC transition peak present at X = 0.20 increases in ampli
tude to finally dominate the thermogram at X ≥ 0.50 while Tonset de
creases approaching a value close to about 32 ◦C (Fig. 5b). At the same 
time there is a significant increase in the cooperativity of the transition 
(see the corresponding ΔHtr in Table 1). At temperatures above the phase 
transition, the SAXS data analysis suggests that further addition of bile 
salt determines the disappearance of the clusters and a slight growth of 
the mixed aggregates, whose radii become about 20 nm at X = 0.33 and 
0.50. At X = 0.50, a further population of aggregates with radius of 

Fig. 6. (a) SAXS curves (I(q) vs. q) on absolute scale at 25 ◦C (left, adapted from 
Ref. [23] with permission from the PCCP Owner Societies) and at 60 ◦C (right) 
of PNIPAM120-b-PAMPTMA(+)30–NaDC mixed solutions at different charge 
fractions (X): X = 0 (black, pure copolymer solution), X = 0.20 (red), X = 0.33 
(brown), X = 0.50 (green) and X = 0.80 (magenta). The data points not 
considered for analysis are given in grey. (b) SAXS curves at 60 ◦C (same as in 
(a)) with slopes expected for two power-law decay behaviors indicated with 
dashed lines. The curves have been shifted on the y-axis by a suitable factor to 
avoid data overlap. The copolymer concentration was 0.5 wt%. (For interpre
tation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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about 40 nm is observed to contribute to the SAXS intensities, which are 
probably the prelude to the precipitation observed at higher X values. 
Interestingly the sizes of these aggregates are in agreement with those 
inferred from DLS measurements (〈DH〉 ≈ 80 nm) where they are ex
pected to contribute the most. 

It is interesting to note that the light scattering intensity is the highest 
at X = 0.20 and it decreases at higher X values (0.33 and 0.50) in parallel 
with the disappearance of the clusters (Fig. 2). This indicates that the 
clusters are the main responsible of the light scattering at X = 0.20. Since 
the scattered light intensity of the shrunken clusters in the pure block 
copolymer solution at 60 ◦C is very low (black symbols in Fig. 2), we 
envision that the added BS at X = 0.20 should essentially be included 
into the clusters. This supports the hypothesis that the small micelles, 
the spherical mixed aggregates and maybe the free copolymer chains 
inferred from the fit at X = 0.20 are all included in the cluster, which 
therefore might be described as a structure factor rather than a separate 
structure. 

SAXS curves demonstrate that further addition of NaDC up to X =
0.80 promotes a co-assembly into copolymer-bile salt aggregates with a 
microphase-separated interior consisting of nanoregions of dehydrated 
PNIPAM and PAMTPMA(+)/DC–. The microphase-separated nano
regions have an inter-distance of about 27 nm according to the peak 
position in the SAXS profile. A similar situation has been discussed in the 
study by Ferreira et al. [96], where domains consistent with immiscible 
poly(acrylamide) (PAAm) and poly(acrylate) (PAA− )/cetyltrimethyl 
ammonium (CTA+) were found in block copolymer complex salts 
formed using PAAm-b-PAA block copolymers and n-alkyl
trimethylammonium cationic surfactants. 

4. Conclusions 

Development of nanotechnology has constantly increased the de
mand of smart nanocarrier systems for inclusion, transport and delivery 
of biomolecules or active drug substances. Systems with tunable 
responsiveness are particularly appealing, as they become versatile 
nanomaterials that can be easily adapted to application conditions. 
Biocompatibility is another important feature of the nanostructures as it 
makes them suitable for environmentally friendly and biomedical 
applications. 

We have earlier demonstrated that thermoresponsive cationic block 
copolymer PNIPAM120-b-PAMPTMA(+)30 and a natural bile salt NaDC 
form intriguing nanostructures at room temperature [23]. In this study 
the effect of temperature on the association in the same system was 
investigated. We found that the loss of water-solubility of PNIPAM with 
increasing temperature induces pronounced aggregation at a transition 
temperature that can be modified by controlling the stoichiometry of the 
mixture. Without NaDC, the phase transition temperature of the copol
ymer solution is far above that of pure PNIPAM homopolymer solution. 
For the mixed solutions, however, the interaction between the copol
ymer and bile salt leads to a continuous decrease in transition temper
ature with increasing bile salt content, approaching 32 ◦C for samples 
with high bile salt fraction. The mixture composition also allows the 
control over the charge of the aggregates formed at higher temperatures. 
The co-assembled mixed complexes at low and ambient temperatures 
are almost neutral while at elevated temperatures, aggregates contain
ing dehydrated PNIPAM form that become remarkably positive or 
negative depending on whether the cationic block copolymer or the 
anionic bile salt dominates the mixture composition in terms of charge 
fraction. 

With these results, our study discloses a potential of cationic block 
copolymer-bile salt mixtures for the preparation of versatile smart ma
terial and incentivize an extended analysis to different type of block 
copolymers and natural steroidal surfactants. It also provides important 
information about the use of cationic PNIPAM-based block copolymers 
as bile salt sequestrants in the treatment of hypercholesterolemia and 
bile acid diarrhea. Indeed, the results presented here show that at body 

temperature, the low solubility of PNIPAM strongly affects the block 
copolymer-bile salt association and induces precipitation at large excess 
of bile salt, thus providing a premise of the behavior of the block 
copolymer when introduced in the gastrointestinal track as a 
sequestrant. 
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[64] A. Halperin, M. Kröger, F.M. Winnik, Poly(N-isopropylacrylamide) phase diagrams: 
fifty years of research, Angew. Chem. Int. Ed. 54 (2015) 15342–15367, https://doi. 
org/10.1002/anie.201506663. 

[65] H.G. Schild, Poly(N-isopropylacrylamide): experiment, theory and application, 
Prog. Polym. Sci. 17 (1992) 163–249, https://doi.org/10.1016/0079-6700(92) 
90023-R. 

[66] R. Pamies, K. Zhu, A.-L. Kjøniksen, B. Nyström, Thermal response of low molecular 
weight poly(N-isopropylacrylamide) polymers in aqueous solution, Polym. Bull. 62 
(2009) 487–502, https://doi.org/10.1007/s00289-008-0029-4. 

[67] M.C. Di Gregorio, M. Gubitosi, L. Travaglini, N.V. Pavel, A. Jover, F. Meijide, 
J. Vázquez Tato, S. Sennato, K. Schillén, F. Tranchini, S. De Santis, G. Masci, 
L. Galantini, Supramolecular assembly of a thermoresponsive steroidal surfactant 
with an oppositely charged thermoresponsive block copolymer, Phys. Chem. 
Chem. Phys. 19 (2017) 1504–1515, https://doi.org/10.1039/c6cp05665b. 

[68] E. Moghimipour, A. Ameri, S. Handali, Absorption-enhancing effects of bile salts, 
Molecules 20 (2015) 14451–14473, https://doi.org/10.3390/ 
molecules200814451. 

[69] E. Tasca, A. Del Giudice, L. Galantini, K. Schillén, A.M. Giuliani, M. Giustini, 
A fluorescence study of the loading and time stability of doxorubicin in sodium 
cholate/PEO-PPO-PEO triblock copolymer mixed micelles, J. Colloid Interface Sci. 
540 (2019) 593–601, https://doi.org/10.1016/j.jcis.2019.01.075. 

[70] E. Tasca, P. Andreozzi, A. Del Giudice, L. Galantini, K. Schillén, A.M. Giuliani, 
M. de los Angeles Ramirez, S. Moya, M. Giustini, Poloxamer/sodium cholate co- 
formulation for micellar encapsulation of Doxorubicin with high efficiency for 
intracellular delivery: an in-vitro bioavailability study, J. Colloid Interface Sci. 579 
(2020) 551–561, https://doi.org/10.1016/j.jcis.2020.06.096. 

[71] L. Galantini, M.C. di Gregorio, M. Gubitosi, L. Travaglini, J.V. Tato, A. Jover, 
F. Meijide, V.H. Soto Tellini, N.V. Pavel, Bile salts and derivatives: rigid 
unconventional amphiphiles as dispersants, carriers and superstructure building 
blocks, Curr. Opin. Colloid Interface Sci. 20 (2015) 170–182, https://doi.org/ 
10.1016/j.cocis.2015.08.004. 

[72] M.C. Di Gregorio, L. Travaglini, A. Del Giudice, J. Cautela, N.V. Pavel, L. Galantini, 
Bile salts: natural surfactants and precursors of a broad family of complex 
amphiphiles, Langmuir 35 (2019) 6803–6821, https://doi.org/10.1021/acs. 
langmuir.8b02657. 

[73] G. Masci, L. Giacomelli, V. Crescenzi, Atom transfer radical polymerization of N- 
isopropylacrylamide, Macromol. Rapid Commun. 25 (2004) 559–564, https://doi. 
org/10.1002/marc.200300140. 

[74] J. Janiak, S. Bayati, L. Galantini, N.V. Pavel, K. Schillén, Nanoparticles with a 
bicontinuous cubic internal structure formed by cationic and non-ionic surfactants 
and an anionic polyelectrolyte, Langmuir 28 (2012) 16536–16546, https://doi. 
org/10.1021/la303938k. 

[75] D.E. Koppel, Analysis of macromolecular polydispersity in intensity correlation 
spectroscopy: the method of cumulants, J. Chem. Phys. 57 (1972) 4814–4820, 
https://doi.org/10.1063/1.1678153. 

[76] B.J. Frisken, Revisiting the method of cumulants for the analysis of dynamic light- 
scattering data, Appl. Optic. 40 (2001) 4087, https://doi.org/10.1364/ 
ao.40.004087. 
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