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Specific ion (Hofmeister) effects in colloid and biological systems represented a scientific challenge for more than
100 years. Recently, possible applications, based on their rationalization, are emerging. Here, CI’, SO?{, SCN”
anions and Na™, K*, Mg?* cations are added at physiological concentration (~0.15 mol/kg) to Pluronic F127 20
wt% aqueous solutions to suitably tune phase transitions for a smart drug delivery platform. Rheological mea-
surements, along with SAXS and NMR self-diffusion experiments, are used to carefully characterize the prepared
F127/salt-based formulations. The critical micellar temperature (cmt), the hard-gel formation temperature (Thg),
liquid crystal structures, and self-diffusion coefficients are determined. The cmt and Tpg values of F127/salt
formulations are lower than that of F127 20 wt% sample, following an anionic Hofmeister series: SO%’ <Cl'<
SCN'. All added salts significantly increase storage modulus and complex viscosity with maximum values
occurring at T around 40 °C. SAXS data confirm that added salts preserve cubic liquid crystal phases. NMR self-
diffusion analysis highlights that the intermolecular interactions and mobility of F127 unimers/aggregates are
ion specific at 16 °C but not at 40 °C. These findings suggest that F127/salt-based formulations may constitute a
versatile thermosensitive platform for drug delivery able to assure sustained release in topical or surgery ad-

ministrations, in the range of temperatures 30-45 °C.

1. Introduction

Stimuli-responsive polymers respond to small variations in envi-
ronmental conditions, like pH, temperature, etc., leading to a sharp
change in their properties. This peculiar behavior allows, with a careful
study of the physico-chemical characteristics of the polymer, their use as
drug delivery systems with the ability to administer controlled and self-
regulated drugs [1-6]. Among many interesting polymers those which
form thermosensitive hydrogels, based upon nonionic copolymers such
as the Pluronic family, have attracted much attention because of their
huge versatility in terms of composition, transition temperature, type of
drugs that can be entrapped, as well as type of administration route,
spanning from injectable fluids to topical formulations or tissue engi-
neering [7-13]. Moreover, other stimuli responsiveness can be intro-
duced through suitable functionalization of the copolymer or adding

other components (biomacromolecules, polyelectrolytes, etc) [14-18].

Pluronic® F127 (F127) is a non-ionic hydrophilic three-block
copolymer, ABA structure, composed of a central hydrophobic block
of polypropylene oxide (PO) and two external hydrophilic blocks of
polyethylene oxide (EO), having an approximate formula EOg7POggEOg7
and a MW =~ 12.5 kDa. Previous works have investigated the phase
behavior of F127 with focus on the critical temperatures related to
micelle formation (cmt), sol-gel transition, cubic liquid crystal (LC)
formation, and cloud point [3,4,18-25]. Gelation is often found to occur
through two steps, namely a first sol-gel (hard gel) transition, then, by
further increasing the temperature, a hard-soft gel transition just before
the cloud point. The hard gel was characterized as a cubic LC phase
having simple cubic (SC) [26], face centered (fcc) [20,21] or body
centered (bcc) [19,27] cubic lattice, depending on temperature,
composition, purity of the copolymer as well as the presence of
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additives. The hard-soft gel transition has been related to a less favorable
interaction between the aqueous solvent and the EO chains at higher
temperature, in turn reflecting a decreased polarity of the polymer. As
discussed further below this results in a decrease in volume of the
polymer micelles and, therefore, a weakened repulsion between them
[1,3,26]. We should notice that often, however, the hard-soft gel tran-
sition and clouding (as discussed below) cannot be clearly distinguished
[18,23]. The temperatures involved in the different transitions are
highly dependent of F127 concentration. In the absence of other com-
ponents, the phenomenon of gelation is generally reversible. In addition,
the lowest critical solution temperature (LCST) depends on concentra-
tion and generally ranges between 25 and 37 °C, in the absence of any
additives [14,28,29]. No gelation was recorded for copolymer concen-
trations lower than about 17 wt% in the range of temperature up to
60-70 °C [17,19,30]. The phase behavior and the critical temperatures
of F127 can significantly be modified by the addition of drugs, excipients
and other compounds [31-34]. Depending on the needed performance
of the formulation, particularly the type of administration, a tuning of
the transition temperatures can be attained through a careful choice of
added electrolytes in suitable concentration.

The effects associated with the addition of electrolytes on the
behavior of macromolecules has widely been investigated since the
pioneering work by F. Hofmeister in 1888 [35,36]. He found that the egg
white proteins solubility in water (salting in) in the presence of anions
increases in the order: SOF < F" < CI' < Br < NO3 < I' < ClO3 < SCN,
and for cations in the order Cs* < NHf < Rb™ < K* < Nat < Lit < ca?*
< Mg?" the effect of cations being generally less evident than that of
anions [37]. Different explanations of this universal sequence have been
proposed. Ions have been classified as kosmotropic (order makers) and
chaotropic (disorder makers) depending on their effects on water
structure [38-41]. More recently, the contribution of dispersion forces
due to ion polarizability has been considered [42,43]. In the presence of
proteins or polar polymers, ions may promote intricate phenomena
involving hydration of both ions and chains, and ion-macromolecule
interactions [44-50].

The aim of the work is to obtain a drug delivery platform based on
the thermosensitive Pluronic F127 where the transition temperatures
can easily be tuned adding physiological concentration (0.05-0.15 mol/
kg) of salts, depending on the type of administration route. Remarkably,
Pluronic F127 is one of the few copolymers of the Pluronic family that
are involved in clinical trials:[51] this fact provided a further motivation
to revisit F127 phase behavior in the presence of substances that can
tune phase transition temperatures. To do that, we investigate in detail
the transition temperatures of F127 (20 wt%), particularly the range of
stability of the LC gel in the presence of salts, using rheology, small angle
X-ray scattering (SAXS) and NMR techniques. We will show that tem-
perature ramps, at constant oscillation frequency, can provide detailed
information on the changes in cmt, and sol-gel transition temperatures.
To clarify the effects of salts on Pluronic F127 self-assembly and phase
behavior, SAXS experiments were performed at 40 °C to ascertain the
occurrence of cubic LC gel phases [19,26,27]. Finally, additional in-
formation related to the molecular motions was obtained from NMR self-
diffusion experiments at different temperatures.[18,25].

2. Experimental
2.1. Chemicals and sample preparation

Pluronic® F127 (approximate formula EOg7POggEOQg7, My ~ 12.5
kDa), NaCl (99.0 %), MgCl, (98.0 %), NaSCN (99.0 %) and D20 (99.9
%), were purchased from Sigma Aldrich. KCl (>99.5 %) and NaySO4
(>99.0 %) were from MERCK-Schuchardt. All reagents were used as
received.

A stock solution of F127 (20 wt%) was prepared in MilliQ water
containing 20 wt% of D,0. Then, samples containing salts were pre-
pared by weighing the appropriate quantities of stock solution and salt
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to obtain about 10 mL of each sample. All samples, including the stock
solution, were equilibrated at 4 °C, under gentle shaking, for 24 h. Each
sample was prepared in triplicate and stored at 4 °C. No phase separa-
tion, or salt crystallization was observed during storage for at least 6
months.

2.2. Rheological measurements

A stress/strain controlled rheometer MCR 102 (Anton Paar, Graz,
Austria) equipped with a plate-plate geometry (plate diameter = 50 mm,
gap width = 0.5 mm) was used to carry out rheological measurements. A
Peltier system (accuracy of + 0.1 °C) was used to control the tempera-
ture of the bottom plate. Rheological data were collected through the
software RheoCompass™ (Anton Paar, Graz, Austria). The samples were
loaded on the bottom plate from a glass tube stored at 4 °C. Silicon oil
was used to seal the cover plate after sample deposition. Dynamic
temperature ramp experiments (Heating rates of 1 °C min~!) were
performed in the range of temperatures from 10 to 85 °C, whereas for
samples containing 0.15 mol/kg NaySO4 or 1 mol/kg NaCl heating
ramps started from O °C. The cooling ramp needed to ascertain the
reversibility of the phase transitions observed during heating was per-
formed using a cooling rate of 0.2 °C/min. The linear viscoelastic regime
(LVER) was ascertained using amplitude sweep experiments at ® = 1 Hz
and a shear strain of 1.0 %.

G’ (storage modulus) and the G” (loss modulus), the elastic and
viscous component, respectively, are defined in Eq. (1) in terms of the
maximum amplitude of the stress (y,), the maximum amplitude of the
strain (yg), @ = 2xf (f = frequency), and the loss angle (5).

G = @0035, G = @sinﬁ (€8]
70 Yo

The loss factor tan § (the ratio between G” and G’), and the complex
viscosity |n*| (it depends on both G’ and G™) are displayed in Eq. (2):
[52,53]

G . 1 ;
tand = —, [n'| = =V G* + G2 2

Glil=2 @
Table 1 (see below) reports the name and composition of the examined
samples. As estimated by repeated measurements, the error in the re-
ported transition temperatures is about + 0.5 °C.

2.3. SAXS measurements

A S3-MICRO SWAXS camera system (HECUS X-ray Systems, Graz,
Austria) equipped with a GeniX x-ray source (50 kV and 1 mA, Cu Ka
radiation of 1.542 A) and a 1D-PSD-50 M system (HECUS X-ray Systems,
Graz, Austria) containing 1024 channels of width 54.0 pm was used to
carry out small angle X-ray scattering (SAXS) measurements. Quartz
capillaries were filled with the F127 sample solutions at 4 °C and then
sealed with wax and left at room temperature for 24 h before mea-
surements. All samples were equilibrated for 1 h at the selected tem-
perature, then the SAXS patterns were acquired for 5 h. Measurements
were performed at 40 °C using a Peltier device to stabilize and control
the temperature.

Errors in the lattice parameters of about 5 % were estimated intro-
ducing the qo}, values of the most significant peaks in the usual relation
a = (27/qop)dnq Where dpy is the Miller index corresponding to the qgp
considered reflection, in agreement with the expected repetition dis-
tance of the structure (see Table S1 in Supplementary Material).

2.4. Self-diffusion NMR

A Bruker Ascend™ 600 NMR spectrometer (14.0 T), equipped with
an internal temperature control unit was used for 'H NMR experiments
(*H frequency 600.13 MHz). 'H NMR self-diffusion coefficients (D) were
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Table 1

Compositions, Cmts, Thg and Tsg (°C & 0.5) of F127 formulations. Values obtained from the dynamic heating temperature ramps at ® = 1 Hz and 1 % linear strain.
Sample Salt conc. Cmt Thg Tsg Sample Salt conc. Cmt Thg Teg

(mol/kg) Q) Q) Q) (mol/kg) Q) (9} Q)

F127 - no salt 0.000 21.2 22.2 69.8 F127 - MgCl, 0.150 17.1 18.1 70.8
F127 - NaCl 0.075 18.1 20.2 71.8 F127 - NaySO4 0.075 17.2 17.3 60.9
F127 - NaCl 0.100 18.1 19.1 70.8 F127 - NaySO4 0.125 15.8 16.2 49.3
F127 - NaCl 0.125 18.1 19.1 71.8 F127 - NaySO4 0.150 13.7 14.8 50.4
F127 - NaCl 0.150 17.1 18.1 69.8 F127 - NaSCN 0.075 20.1 21.2 73.9
F127 - KCL 0.075 18.7 19.8 71.9 F127 - NaSCN 0.125 21.2 21.2 73.9
F127 - KCl 0.125 17.6 18.7 69.8 F127 - NaSCN 0.150 21.2 22.2 73.9
F127 - KCl 0.150 17.6 18.7 69.8
F127 - MgCl, 0.075 18.1 19.1 71.8 F127 - NaCl 1.000 5.0 6.2 43.1
F127 - MgCly 0.125 18.1 19.1 67.8 F127 - NaSCN 1.000 27.3 30.3 62.7

determined for H,O and in some cases for the CHy and CH3 polymer
signals (see further below) using the PGSE acquisition sequence (DOSY
toolbox). D values were calculated by using the Stejskal-Tanner equa-
tion,[54-56]

I = ]Oe—Dyzgzéz(A—éﬂ) _ loe—kD 3)

Where, I and I, are the integral of the peak at each field gradient in-
tensity and the signal intensity in the absence of field gradient, respec-
tively; y is the magnetogyric ratio, g, 5, and A are the magnitude, the
duration, and the separation of the field gradient pulses, respectively.
For polymer self-diffusion experiments: A = 999 or 2000 ms and § = 5
ms were used. Gradient strength in the range 1 — 51 G/cm was used.
The spin echo decays of CH, and CHs F127 signals were generally
non-mono-exponential. Hence, a bi-exponential equation was used:

—kDpst —kDjion
I = Io(ppge ™™ + paiowe ™) 4

where, Dyas: and Dy, are two diffusion coefficients corresponding to pygs:
and pyow molar fractions, respectively.[25,57]

The biexponential fitting of Eq. (4) is an approach often used
although not rigorous when dealing with polydisperse polymers[58,59]
for which the signal decay may be described in terms of a probability
density distribution function of diffusion coefficients P(D) as indicated
in the following equation [25,58,59]

1(k) =1 / N P(D)e *dD 5)
0

If the functional form of P(D) is unknown, a distribution of the self-
diffusion coefficients can however be obtained through the inverse
Laplace transformation (ILT) of I(k). Here, the ILT process was carried
out using an in-house written Matlab program, according to the work of
Whittall and MacKay.[60]

The dimensions of the diffusing species were obtained from a cor-
rected Stokes-Einstein equation which considers the obstruction effects
due to the volume fraction of the dispersed phase ®p: [61-63]

kET
67nRp

D = DY (1 —x®@p) = (1 —x®p) (6)

Where, Rp is the hydrodynamic radius of pluronic F127 at infinite
dilution and ) is the solvent viscosity. Here, the constant x = 2.5 (typical
values are 2-4) [63] and a volume fraction of the dispersed phase ®p ~
0.1932 (considering the density of the HyO/D20 solvent and of F127
1.006 and 1.05 g/mL [64], respectively) were used for all samples.
Viscosity values of the HoO/D20 = 80/20 (wt/wt) solvent mixture were
obtained using the Arrhenius relation: In n,,° = — 6.5105 + 1929.1/T Pa
s, previously reported [18]. Water self-diffusion data in all samples were
not considered in the discussion since only a simple dependence on
temperature was observed, as demonstrated by the Arrhenius plot re-
ported in Figure S9B (Supplementary Material file).

3. Results and discussion

As described in the experimental section, all samples contained 20 wt
% of the polymer Pluronic F127 dissolved in MilliQ water with 20 wt%
of D20, with a resulting v/v fraction of the dispersed polymer phase ®p
= 0.1932 in all samples. Salt concentration is referred to the solvent
mass (molality) and is given in mol/kg. Salt concentrations from 0.075
to 0.15 mol/kg were considered for NaCl, KCl, MgCl,, Nay;SO4 and
NaSCN. To evaluate the effect of a high concentration of sodium salts on
the phase behavior and on the transition temperatures, rheological
measurements were also performed using a salt concentration 1 mol/kg
for NaCl and NaSCN (concentrations of Na;SO4 higher than 0.28 mol/kg
induce loss of gelation, thus this salt was not considered[32]). Loss of
F127 gelation transition was observed also by adding 1.7-1.8 mol/kg
NaCl and other salts at relatively high concentration. [32-34].

3.1. Rheology

Before presenting the results of the present work, we first must note
that commercial F127, simply referred as F127, displays a certain
variation of composition, and a degree of molecular weight poly-
dispersity;[3,19-25,27,65] this will, however, have only minor effects
on the general arguments.[18,25] This is illustrated by differences in the
phase behavior of F127, including slightly different transition temper-
atures for the critical micelle temperature (cmt), the sol-hard gel (Tpg)
and for the hard gel-soft gel (Ts) transition temperatures.
[19,20,23,24,26,27,65] Thermoreversibility for salt-free F127 (20 wt%
in water) was ascertained by performing the heating and cooling ramps
reported in Supplementary Material Fig. S1A (for storage G’ and loss G”
modulus) and Fig. S1B (for tan §).

Fig. 1A displays the dynamic heating temperature ramp obtained for
the aqueous solutions of Pluronic F127 (20 wt%) with no added salt. At
low temperature there is no self-assembly, and F127 is in the form of
unimers, i.e. in a non-associated state: G’ < G” (both moduli are rela-
tively low). As temperature increases, polymer solvation decreases, thus
the formation of micelles is induced; the critical micelle concentration
(CMC) decreases with temperature leading to a concentration dependent
“critical micelle temperature” (cmt). Cmt is clearly identified by a
maximum in tan § since G” (the viscous modulus) increases. A further
increase of temperature leads to an increase of micelle concentration
resulting in a crowding effect and in a crystallization (gelation) of
globular micelles into a cubic LC phase (see par 3.2), denoted as “hard
gel” (Tyg) because of its character. Both G’ and G” become very high,
with G’ > G”, and tan & almost constant. At still higher temperature
there is a decreased viscosity resulting from the formation of another
cubic phase, denoted as “soft gel” (Tsg). The change in rheological
properties reflects the fact that with decreased solvation the volume
fraction of the micelle decreases, due to the decrease of hydration
strength. As the temperature is increased further, solvation is decreased
to a point where there is a macroscopic phase separation between F127
and water; this is referred to as “clouding” because of the turbidity of the
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Fig. 1. Rheological data for F127 systems. (A) Storage Modulus G’ (Pa), Loss Modulus G” (Pa) and tan § vs. T (10-85 °C) for salt free F127 (20 wt%) sample. (B-D)
F127 with added salts: Salt-free F127 in black dashed lines. Salt 0.15 mol/kg B) tan & vs. T for all systems, the line corresponding to tan & = 1 allows to identify Ty
values; C) dG”/dT (Pa K1Y vs. T for sodium salts; D) dG”/dT (Pa K1) vs. T for chlorides salts.

system. It can be noted that the other phases, solutions, and cubic
phases, are clear.

Fig. 1A shows also the trend of tan 6 that allows to clearly identify the
cmt from the maximum, and the sol-hard gel transition temperature Tpg
attan 6 = 1 (G* = G”). The weak maximum of tan 3 recorded at high
temperature indicates Tsg.

Dynamic heating temperature ramps, as in Fig. 1A, were used to
investigate the effect of salts on cmts and sol-gel transition temperatures
of our F127-based formulations. Data related to heating ramps for F127
systems in the presence of 0.15 mol/kg salts are reported in Supple-
mentary Material Figures S2A for chlorides and Figure S2B for sodium
salts. Fig. 1B shows tan 6 vs T (10 — 30 °C) for F127 in the absence and in
the presence of salts at 0.15 mol/kg. Cmt values are obtained by
maximum in tan § whereas the Ty are the temperatures at which tan § =

1 occurs for each salt. Tsg temperatures are more clearly identified using
the trend of dG”/dT vs. T. This is due to the fluctuations of tan & in the
range 35-85 °C as shown in Supplementary Material Figure S2C. Fig. 1C
for sodium salts and 1D for chloride salts show dG”/dT vs. T trends
where both Ty, and Tsg can be identified from the maximum and the
minimum, respectively. In the case of NaSCN presented in Fig. 1C we
note that dG”/dT trend shows a second small maximum before the
minimum associated to Tsg (this point will further be discussed below).

Notably, also the storage modulus can be used to describe both gel
transition phenomena in F127 systems. However, the hard-soft gel
transition is often less marked (a few hundred Pa variation) compared to
the sol-hard gel one (several orders of magnitude variation of both
moduli), and it is mainly described by viscous dominated dynamics (i.e.,
much more sensitive to the loss modulus G” contribution). Cmt values
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Fig. 2. Transition temperatures for salt-free F127 (black dot) and in the presence of salt (concentration 0.075-0.15 mol/kg). (A) Sol — Hard gel temperatures Tpg; (B)

Hard — Soft gel temperatures Tgg.

along with Tpg and Tsg transition temperatures, determined for all
examined samples, are reported in Table 1. The effect of the different
salts’ concentrations on Tpg and Tsg is shown in Figure 2A and 2B,
respectively.

Particularly significant is the decrease of Ty and Ty caused by
NaySO4 as highlighted in Figure 2 (see also tan & values in Fig. 1B and
dG”/dT trends in Fig. 1C). We notice that at each concentration (range
0.075-0.15 mol/kg) the sodium salts produce a decrease of cmt in the
order SOF > Cl' > SCN" ~ no salt. The effect of cations for the chlorides
is instead not very significant either on Tpg or Tsg temperatures as shown
in Figure 2. Significant changes of cmt, Tpg and Tsg temperatures due to
1 mol/kg NaCl or NaSCN addition (see SI Figure S3) were observed as
reported in Table 1.

Turning the attention to the effect of NaSCN on F127 rheological
behavior, the different dG”/dT vs T trends in the presence of NaSCN at
all investigated concentrations are reported in Fig. 3A (F127 non salt
and in the presence of 1 mol/kg NaSCN) and 3B (F127 in the presence of
0.075-0.15 mol NaSCN). In the case of 1 mol/kg NaSCN we note an
additional minimum at 39.4 °C and additional maximum at 57.7 °C

4000
dG"/dT

T 30.3°C
hg

3000

2000

1000

-1000

T(°C) A

before the minimum associated to Tsg.

In the range of T where cubic LC are present, considering that the loss
modulus G” represents the viscous contribution, we can reasonably
associate a minimum to a swelling of the LC matrix that produces a
structural softening as the hard-soft gel transition where stiffness de-
creases: we can name this transition temperature as Tosg. Conversely, the
maximum in the dG”/dT derivative can be related to a crowding effect
caused by a temperature increase. In other words, the increase of vis-
cosity, like that observed after the cmt, can be associated to a stiffness
increase: we can name this transition temperature as Tapg. These fluc-
tuations in terms of bulk mechanical response suggest significant
dispersion interactions between SCN™ anions and the polymer which
may involve either the nonpolar PO micellar core or the more polar EO
interface, as indicated by the trends reported in Fig. 3. The effect of
NaSCN concentration on the temperature dependent structural transi-
tions can be summarized as follows: i) with increasing salt concentration
Thg increases (stiffness increases), whereas Topg decreases; ii) the soft-
ening transition defined at Tosg appears only at high salt concentration of
NaSCN. These additional transitions can likely be related to the highly
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Fig. 3. Phase transitions of F127 in the presence of different concentrations of NaSCN, described by dG”/dT vs. T. A) 1 mol/kg NaSCN compared to salt-free F127; B)

NaSCN 0.075-0.15 mol/kg.
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chaotropic nature of SCN™ anion whose weak hydration may allow
changes in the strength of the interactions with the copolymer groups
that in turn undergo the weakening of the hydration upon increasing
temperature. Similar fluctuations of rheological behavior were not
observed in the presence of the other examined salts even in the case of
1 mol/kg NaCl (see Figure S3 in Supplementary Material).

To summarize the main results, it is worth considering the effect of
Na™ salts at different concentrations on the trend of the modulus of
complex viscosity [n*| (Eq. (3) reported in Fig. 4. Indeed, we ascertained
that the highest values of both storage and loss modulus as well as of the
complex viscosity, are related to the formation of stable hard LC gels.
Therefore, |n*|, which includes the effect of both storage and loss
modulus, allows to clearly identify the range of temperature for which a
plateau occurs and where cubic liquid crystals exist and confer stability
to the hard gel. Fig. 4 reports the cases of NaySO4 (Fig. 4A), NaCl
(Fig. 4B) and NaSCN (Fig. 4C).

The rheological studies provide detailed information on how the self-
assembly behavior of F127 is affected by simple electrolytes, including
the temperature dependent solvation effects on phase transitions. At
lower salt concentrations, the extension of the gel (cubic LC) region is
markedly reduced by sulfate, for higher concentrations also by chloride
and to lesser extent by thiocyanate. This follows the decreased solvation
due to sulfate and an increased one for thiocyanate; chloride is inter-
mediate. The formation of the soft gel (see Ty in Table 1) is highlighted
by the sudden drop of complex viscosity that occurs with increasing T.

3.2. Small angle X-ray scattering

Above the sol-hard gel (Tyg) transition temperature, the F127 system
forms micellar cubic liquid crystals. Depending on the purity of the
copolymer, and on the presence of other components, long- range or-
dered nanostructures having fcc (Fm3m or Fd3m) and bcc (Im3m), or
primitive (Pm3n and simple cubic, SC) space groups have been recog-
nized.[20-22,26,27,64,66-69] Often cubic structures give rise to only a
few intense Bragg peaks. Therefore, indexing is not always unique and
straightforward. Here the copolymer volume fraction is relatively low
(®p = 0.1932), and SAXS patterns show several weak peaks. Table S1 in
Supplementary Material reports details on the repetition distances and
Miller indexes for some cubic lattices. The microstructure of some
selected samples was investigated through SAXS experiments at 40 °C.
All original SAXS patterns and Miller index plots are reported in Sup-
plementary Material. For LC formed by commercial F127 copolymer, fcc
structures such as Fm3m (szs) have often been reported.[20,27] Our
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F127 without salts where reflections were assigned according to Fm3m
(Fig. 4SA) and SC (Fig. 4SB) lattice structures. However, the good linear
relation between the Miller indices dpy; and the observed reflections qop,
displayed in Fig. 4SC and 4SD for Fm3m and SC lattices, respectively,
does not allow to clearly select the most reliable structure. About this,
we should recall that a SANS investigation of 19.4 wt% F127 [26] on the
basis of the copolymer apolar volume fraction and geometrical consid-
erations, suggested the occurrence of a SC structure (lattice parameter in
the range 17.0-20.9 nm) at 25 °C. A primitive cubic lattice was also
suggested to form at 25 °C adding 5 wt% of butanol to different F127
samples having a copolymer content in the range 25-45 wt%.[64].

The SAXS patterns obtained in the presence of salts of 0.15 mol/kg
showed quite diverse intensity of the peaks, particularly those in the
ranges ¢ = 0.02-0.03 A~! and ¢ = 0.05-0.06 A~'.[64] Using Miller
indices and the observed g, that can clearly be identified we noted very
good linear fittings which, in all cases, closely extrapolate to zero and
provide from the slopes more accurate lattice values (Table S2 in Sup-
plementary Material reports either the instrument indexing using the
program 3D view, or the Miller index plots along with the obtained
lattice parameters). However, as observed in the absence of salts, it is not
possible to assign a unique lattice structure to our samples, since in all
cases either the fcc or the simple cubic structures give a relatively reli-
able assignment of the main reflections. Very poor SAXS patterns were
observed in the presence of NaySO4 (data not reported since sample
appeared slightly degraded after 4 h SAXS experiment). This likely oc-
curs because in the presence of this salt all transition temperatures
decrease significantly, particularly the hard-soft gel Ts; =~ 50 °C (see
Table 1), hence the stability of the cubic liquid crystals at T = 40 °C, used
in the SAXS experiment, may be affected. Table 2 summarizes SAXS data
obtained using the gop (A7) values that could clearly be assigned ac-
cording to Miller indices for the Fm3m and SC lattice cells.

The interfacial area per EO block Ap, and the micellar aggregation
number N are other features that can be obtained from the SAXS
analysis, as previously reported;[66-69] these data are also reported in
Table 2. Briefly, assuming that PO blocks are highly segregated in the
micellar hydrophobic core and considering that PO blocks constitute
33.2 % of the copolymer volume whose volume fraction in all samples is
®p = 0.1932, the total apolar volume ¢ is approximately given by the
relation ¢ = 0.332®p = 0.064.[66-70].

The ¢ value equals the volume fraction of the Ny, micelles (average
spherical radius R of the hydrophobic core) in the cubic unit cell having
lattice parameter a

. . . N,  4nR?
SAXS patterns could also be indexed as Simple Cubic (SC) structures. 0= ’: ( 3 @)
Fig. 4S (Supplementary Material file) shows the SAXS pattern of @
Cuvisc. 0.075 — — - CVisc. F127 — — -ClVisc. F127
F127 + Nazso4 c.visc. 0.125 —— C.Visc. 0.075 F127 + NaSCN — C.Visc. 0.075
. - c. visc. 0.15 F127 + NaCl —— C.Visc. 0.125 *+Na — C.Visc. 0.125
Complex viscosity n — — -Cuisc F127 Complex viscosity n* — (C: \)1;505»10;55 Complex viscosity n* _ g\vl:zi ?:(1)5
n* W - n ‘
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Fig. 4. The modulus of complex viscosity [n*| vs. T for different salt concentrations: A) Na;SO4; B) NaCl; C) NaSCN.
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Table 2

SAXS data at 40 °C. F127 20 wt% in water (H,O/D,0 = 80/20) without salts and
with salts 0.15 mol/kg. SAXS lattice parameters a (A) for Fm3m and Simple
cubic (SC) structures, obtained from Miller plots (see Table S1 in SI). The
interfacial area Ap (eq. (8) per EO block, and the aggregation number N, (eq. (9)
of F127 micelles are also reported.

Sample a(A) Ap(R?) Neg a(A) Ap(R?) Nag
Fm3m Fm3m Fm3m  SC SC N
Miller Miller
F127 No 301.2 211.4 66 178.1 225.2 55
salt
F127 + 317.9 200.2 78 220.3 182.1 103
NaCl
F127 + KCl 358.9 177.4 112 183.4 218.7 60
F127 + 332.8 191.3 89 207.9 1929 87
MgCl,
F127 + 395.9 160.8 150 220.4 182.0 103
NaSCN

Considering that the molecular volume of F127 is Vp ~ 20 x 10% A% [68]
the interfacial area per EO block Ap can be calculated according to the
following relation:

13 Ve
2®pa

Ap = (362N,,0%) (8)

The micellar aggregation number Ny, is calculated according to the
following relation:
_ Opd’
N, Ve

Nag 9

In Eq. (8) the number of micelles N, = 4 and N, = 1 were used for Fm3m
and SC lattice structures, respectively. Salt addition induces a clear in-
crease of the lattice parameter (a) and consequently a decrease of the
interfacial area Ap per EO group, along with an increase of the aggre-
gation number Ny, in agreement with Egs. (7) and (8). Likely due to the
large amount of water and the relatively low concentration of the added
salts, we cannot identify significant specific ion effects on the cubic LC
structures at 40 °C. We can just observe that the most chaotropic anion
SCN’, because of a strong interaction with both EO and PO groups of the
copolymer, mainly due to its high polarizability, induces the largest
increase of the lattice parameter and favors the growing of micelles: this
can particularly be seen in SAXS data indexed as Fm3m structure.
Notably, interfacial area values around 200 A%and aggregation numbers
around 50-80 (or higher in the presence of salts) have previously been
reported.[16,26,71] In our calculations we may notice that the use of SC
assignment gives equal lattice parameters, and hence equal Ap and Ny
values in the presence of NaCl and NaSCN: this is not consistent with the
expected specific ion effects. However, if the relatively low intensity of
SAXS peaks and the approximations introduced in Eqs. 7-9 are consid-
ered, the above observation cannot safely be used to choose the Fm3m
(fcc structure) lattice as the best data modeling. The whole of SAXS data,
despite the difficulties related to the identification of the most reliable
cubic lattice, clearly proves the occurrence of stable cubic LC in the
presence of added salts, at temperatures around 40 °C; this implies that
the formulation applied at body temperatures may offer a significant
resistance towards dilution effects induced by the contact with body
fluids.

3.3. Self-diffusion NMR

Selected samples were analyzed by means of the NMR self-diffusion
technique. A sample of F127 without added salt, having ®p = 0.193, was
investigated at 6 different temperatures in the range from 16 to 55 °C.
NMR self-diffusion spin-echo decays were obtained for the —-CHj, (signal
at ~ 3.6 ppm) and —CH3 (signal at ~ 1.1 ppm) (Figure S9A in SI). The
echo-decays observed for the CH, NMR signals at different
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temperatures, given in semilogarithmic plots (according to Eq. (3), are
shown in Figure 5A. Echo-decays at temperatures higher than 16 °C are
clearly not mono-exponential, while the decay at 16 °C can reasonably
well be modeled by a single exponential form (Eq. (3); see fit in
Figure 5A: r = 0.997). Therefore, at temperatures above 16 °C, a bi-
exponential fitting of the NMR echo-decay (Eq. (4) [18,25] was used
to obtain the self-diffusion coefficients, D and Doy, that can be
related to the populations, in terms of the molar fraction pses: and psiow, of
free unimers and micellar aggregates, respectively (we are neglecting
any effects caused by different NMR relaxation times in the two pop-
ulations)[25,57-59,65]. It should be noted that the lowest T = 16 °C is
below the cmt, thus no significant aggregation should be expected. This
behavior is clearly depicted by the ILT analysis of the echo decay of the
CHj; and CHjs signals reported in Figure S9B and S9C where the occur-
rence of more than a single population, for T > 16 °C, is highlighted.
Figure 5B shows the trend of D¢agt, Dsjow and prast calculated by means of
a bi-exponential fitting of CH and CH3 NMR signal according to Eq. (4)
(see data reported in Table S3 in SI). Self-diffusion coefficients (mono-
exponential fitting) at 16 °C for both CHy and CHj signals are included in
the plots as single symbols indicated as Dig.

NMR data obtained for F127 without salts at different temperatures
suggest the following main features: i) after the sol-gel transition the
deviation from mono-exponentiality reflects the polydispersity in the
F127 sample.[25,58,59] The ILT plots in Figure S9B-S9C give a clear
picture of the observed behavior of salt-free F127; ii) the psa values are
significantly lower for the CHj signal (see pfas in Figure 5B), indicating
that the more PO-rich (containing the CHg fragment) part in the distri-
bution of the F127 molecules are aggregated to a larger extent; in other
words, there are more hydrophobic species in the aggregates; iii) the
diffusion coefficients of the free F127, Dy, increase with increasing T
(more for the CHj-fragment), reflecting also the decreased water
viscosity.

The F127 present as unimers diffuses “freely”, with values deter-
mined by obstruction effects from the micellar aggregates and trivial
viscosity effects from the water solvent. The diffusion process of the
aggregated F127 corresponds to a random walk among the stationary
aggregates and its rate is determined by the life-time of F127 in the
aggregates, which in turn is given by the concentration of each species in
the water solvent, and the distance between the aggregates.

In the presence of 0.15 mol/kg salt, NMR self-diffusion data were
collected at 16 °C, below the cmt, and at 40 °C, after the main sol - gel
transition Ty for all systems.

Fig. 6 shows echo-decays with and without salts at 16 °C and 40 °C.
At 16 °C (Fig. 6A) the effects of the addition of salts results in changes in
the appearance of the echo decays with the magnitude of changes in the
following order: (no salt) < NaSCN < KCl ~ MgCl, < NaCl < NaySOy,
which corresponds to a Hofmeister series (Table S4 in SI). [42,72].

At 40 °C there are only minimal effects due to the salts as reported in
Fig. 6B. The trends are more clearly highlighted by the inverse Laplace
transformation (ILT) of the CH; echo-decay shown in Fig. 6C (16 °C) and
6D (40 °Q).

The salts used, except for NaSCN where the influence is the smallest,
can be characterized as “salting-out” salts, the effects of which are to
decrease the solubility (and cloud point) of the polymer and hence to
induce aggregate formation.[25] The onset of aggregation leads to a
more curved echo-decay in the representation of Fig. 6A and 6B. We note
that the same trend is observed in the rheological data, particularly in
the complex viscosity data (see SI Table S5). The complex viscosity
values at 16 °C are relatively low, around 40-140 mPa s (except the case
of Na;SO4 sample, see SI, Table S5) and increase in the following order:
(no salt) < NaSCN < NaCl ~ KCl < MgCly; <« NasSO4, namely the Hof-
meister series again. At 40 °C, when all systems form cubic LC, complex
viscosity values are very high, around 10° Pa s, and increase in the order
NaySO4 < (no salt) < NaCl ~ KCI < MgCl, =~ NaSCN. At 40 °C the salt
addition appears to have little effect on the aggregation process in the
sense that the distribution among unimers and aggregated F127
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Fig. 5. NMR self-diffusion data for salt-free F127 sample at different temperatures (see data in Table S3). (A) NMR self-diffusion data for F127 sample without salts at
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this article.)

molecules is not affected, giving no measurable effects on the echo
decays.

Thus, at 40 °C, the NMR echo-decays can reasonably well be modeled
by a bi-exponential fitting with small variations in both D values and in
the intensity distribution of the fast and slow components as highlighted
by the ILT plot in Fig. 6D. These findings are of great interest in view of
the potential applications of the formulations in diverse biomedical
contexts. This may further be confirmed by calculating the dimensions
of the free diffusing species. The radius was calculated through Eq. (6)
only for the Dy values of CH NMR signals introducing k®p = 0.5 to
account for obstruction effect. R values in the range 9-12 nm were
calculated for F127 unimers without added salts, at the different tem-
peratures (see Table S6 in Supplementary Material). In the presence of
salts R values in the range 10-13 nm at 16 °C, and in the range 7-10 nm
at 40 °C (see Table S7 in Supplementary Material) were calculated.
These data confirm that in the range of T = 30-40 °C, the micellar cubic
LCs are thermodynamically stable also in the presence of relatively low
concentration (0.15 mol/kg) of different salts.

3.4. Considerations on the F127/salt-based thermosensitive platform

To provide novel smart drug delivery performance F127/salt ther-
mosensitive formulations should display some important features as
highlighted in many previous works.[11-15,28,31,33] Besides the
biocompatibility request, the most important features are related not
only to all transition temperatures but also to the stiffness and to the
resistance of the hard gel phase towards dilution due to the contact with
biological fluids. For instance, the stiffness of the formulation can allow
for a more sustainable release.[16].

Table 3 summarizes the most important data obtained through
rheological measurements. Focusing on the chlorides that are classified
as fully biocompatible, we may note that Tpg values around or lower
than 20 °C (see also Table 1) prevent intramuscular or intravenous in-
jections administration route. However, it may be of interest that the
range of stability of the ‘hard gel’ is not significantly dependent on the
salt, whereas the highest values of the complex viscosity and the storage
modulus (elastic component) are observed at lower T and increase with
respect to F127 alone.

In addition, focusing on the temperature at which the highest value
of complex viscosity |n*| occurs for sodium salts, we note that these
temperatures agree with the Hofmeister series for the anions. Thus SCN”
gives the highest temperatures of the different transitions and of the
viscosity maximum whereas SO3 gives the lowest ones.

Notably, chlorides are certainly a suitable and biocompatible choice
for F127 based formulations to be used for external applications. NaCl is
commonly used as added salt in drug delivery systems because of its high
biocompatibility, but the present data suggest that also MgCl, can be
considered as a suitable alternative that, if needed, may provide a higher
ionic strength due the divalent cation. The use of KCl instead is not
generally considered a suitable choice because of the associated
hyperkalemia risk factors. These results are furthermore corroborated
by observing that SAXS analysis provides similar results for NaCl and
MgCly, in terms of lattice parameters (around 300 and 200 A for Fm3m
and SC structures respectively), apolar interfacial area (Ap ~ 180-200
A?), and aggregation numbers (Ngg ~ 80-100). NMR data, particularly
the distribution of the self-diffusion coefficients at 40 °C reported in
Fig. 6B, clearly demonstrate that replacing NaCl with MgCly, although
the increase of ionic strength from 0.15 to 0.45 due to the presence of the
divalent cation, does not influence intermolecular interactions above the
sol-gel temperatures. Indeed, molecular motions of free F127 molecules
within the medium made of micellar cubic LC gels do not change
significantly in the presence of the different salts as shown by the ILT
plot in Fig. 6C.

4. Concluding remarks

The increasing interest of thermoresponsive Pluronic-based formu-
lations for  widespread applications in  nanomedicine,
[11,12,15,16,18,28,59,71] is mainly due to the fact that these co-
polymers are involved in clinical trials,[51] and this motivated us to
study the effect on the phase behavior of salts added at physiological
concentrations (around 0.15 mol/kg). The use of rheology along with
SAXS measurements and NMR self-diffusion allowed to highlight the
following new features related to the performance of a F127/salt-based
formulations. In comparison with previous rheological works
[23,24,53] on F127 polymer, this study presents how the use of simple
heating ramps can provide detailed information on cmt and transition
temperatures that can clearly be identified by the trends of tan § and
dG”/dT as a function of T. In summary, SAXS and NMR data, together
with the observed high complex viscosity, indicate that F127-based
formulations, in the presence of physiological amounts of biocompat-
ible salts such as NaCl or MgCl,, give a tunable thermosensitive drug
delivery platform, characterized by high stiffness and suitable transition
temperatures. Particularly the high stiffness may assure a sustained drug
release and provide a prolonged resistance to dilution due to contact
with body fluids, in the wide range of temperature, 30-45 °C, where
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Table 3

Cmt and Tpg - Tgg transition temperatures for F127 without salts and with 0.15
mol/kg salt. Column 4 reports the T at which the maximum complex viscosity n*
(column 5) is observed, along with the G’ and G” values (columns 6 and 7)

measured at the same T (max n*).

Sample Cmt  Tpg-Tgg T (max n* G’ G”

salt 0.15mol/  °C °C n*) 10°Pa  10* 10°
kg °C s Pa Pa

F127 no salt 21 22-70 35.0 1.99 1.16 4.64
F127-NaCl 17 18-70 32.0 2.32 1.40 4.18
F127-KCl 18 19—70 34.0 2.31 1.40 4.00
F127-MgCl, 17 18—71 33.0 2.34 1.42 3.88
F127-Na,S04 14 15-50 24.5 2.04 1.20 4.57
F127-NaSCN 21 22-74 41.0 2.25 1.34 4.46

cubic liquid crystals are thermodynamically stable. Future work is
needed to test these formulations in the presence of drugs and using
simulated body fluids, involving the simultaneous presence of different

salts and buffers.
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