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ABSTRACT: Comprehensive characterization of self-assembled materials is crucial for plethora
of different applications, however, remains tedious multi-instrument process. To tackle this issue,
fluorescence properties of a boron-dipyrromethene derivative containing lipophilic tail (BODIPY -
C12) were employed to extensively characterize two self-assembling polymers (Pluronics P123
and F127). We demonstrate that at least five different parameters, i.e. critical micelle
concentration, critical micelle temperature, internal microviscosity within the micelles, micelle
core glass transition temperature, and the sol-gel transition temperature are possible to obtain by
means of steady-state and time-resolved fluorescence spectroscopy utilizing a single BODIPY -
C12 sensor. This represents a unified methodology for multiparameter characterization of
supramolecular polymeric structures and their self-assembly processes. The approach is a
compelling non-destructive alternative to the conventional use of several different techniques for

the same analytical purposes.

INTRODUCTION

Self-assembly is a unique property of amphiphilic polymers and is widely used in catalysis,
chemical separation, drug delivery systems, and tissue engineering technologies.'”” However, the
polymer self-assembly process as well as properties of the colloids formed have to be thoroughly

characterized and subsequently optimized to achieve the best possible performance for the



application needed. In this regard, such characteristics as critical concentrations and temperatures,
as well as phase transitions and mobilities are of paramount importance. These properties are
usually studied with distinct methods, each requiring a separate optimization step. All in all, it
makes the scrutiny of polymeric self-assembly tedious and time-consuming. Thus, a technique that
would address several characterization issues at once is highly desired.

Molecular rotors are well known to sense variations in the viscosity of their immediate
microenvironment via changes in their fluorescent properties.® As both the fluorescence intensity
and the lifetime of the rotors strongly depend on viscosity of their surroundings, a large variety of
fluorescence-based techniques is available. Notably, lifetime-based viscosity measurements have
a distinctive value as they avoid uncertainty due to unknown local probe concentration in such
complex heterogeneous samples as polymeric self-assemblies.

During the last decade, Kuimova and coworkers have developed a novel promising class of
fluorescent molecular rotors based on 4,4 -difluoro-4bora-3a,4a-diaza-s-indacene, also known as

BODIPY, meso-substituted with para-alkylphenyl moiety (Fig. 1).°
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Figure. 1. Chemical structure of the BODIPY-C12 (BPC12).



These BODIPY based rotors are designed to sense viscosity in hydrophobic environments and

have been reported to be suitable for a vast variety of complex heterogeneous systems, such as

10,11 12-16

model lipid bilayers,'%!!cells,'?"'® aerosols,!” and gelling agents.'®

In this study, we employed a viscosity sensitive BODIPY derivative with an alkyl chain of
twelve carbon atoms BODIPY-C12 (BPC12) (Fig. 1) and demonstrated its great potential to
characterize self-assembling polymers. Specifically, we showed that the probe can be used not
only for the viscosity sensing but also serves as a multifunctional tool for studying a larger set of
different properties of self-assembling materials.

Pluronics represent triblock copolymers of A-B-A structure containing hydrophobic
poly(propylene oxide), PPO, as a central block (B) surrounded by two hydrophilic blocks (A) of
poly(ethylene oxide), PEO, at the both sides of PPO (Scheme 1).*!° Being relatively nontoxic
FDA-approved polymeric surfactants, the Pluronics have found multiple applications in e.g. drug
delivery.?° Due to their amphiphilic nature, the copolymers self-assemble in aqueous solutions at
concentrations above critical micelle concentration (CMC) and form micellar structures. The
micelles have a hydrophobic core made of PPO blocks and a hydrophilic shell of PEO chains
screening the core part from a contact with aqueous surroundings. The hydrophobic core can
incorporate various therapeutic agents, thereby increasing their solubility and stability, while the

hydrophilic shell maintains good dispersion stability and allows the use of the micelles for drug

delivery in the human body.*



Scheme 1. Pluronic triblock copolymers P123 and F127.
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In this work, we particularly focus on two Pluronics (P123 and F127) containing approximately
the same number of hydrophobic PPO units, i.e. 69 and 65, respectively, but different numbers of
hydrophilic PEO blocks, viz. 39 for P123 and 200 for F127 (Scheme 1).2! As their potential as
micellar carriers for drug and gene delivery has been widely recognized, multiple studies on their
characterization and applications are available.*>%-22-27

Micelles encounter different environmental changes upon administration to human body, such
as inevitable dilution, varying pH and salt concentrations, interaction with proteins and cells.
Therefore, careful characterization of micelle stability in different conditions is needed.?® The
concentration above which materials spontaneously form micelles in a solution, called critical
micelle concentration, CMC, is used to characterize the thermodynamic stability of micelles. CMC
is quantified by many different techniques including fluorometry that is of particular interest
regarding current work.??® The micelle formation is also a temperature dependent process, e.g.
CMC dramatically increases upon cooling and, on the other hand, decreases upon temperature
elevation. The temperature above which the polymer at particular concentration forms micelles is
determined as critical micelle temperature (CMT) and is frequently utilized for the characterization
of micellar systems.?*° Micelle core mobility is another important feature, denoting the

temperature where the hydrophobic core chains become more flexible. The increased mobility of

the micelle core due to transition of the core polymers from gel or crystalline state to liquid/molten



one may in turn lead to an impulsive burst drug release at physiological temperatures.?! There
seems no yet established term in the community to describe the transition that led to a diversity of
the phenomenon descriptions. In the study of Evans et al. the temperature at which the micelle
core mobility/elasticity increases is called glass transition temperature in micelles (Tg); phase
transition from micelles micelles ; in study ,Hence, micelle core 7, should be carefully controlled
in drug delivery system design. transition temperature 7

Pluronics are also known to undergo sol-gel transition at a critical temperature called the gelation
temperature, Toige. The transition is described as a thermoreversible transformation of a micellar
solution (sol) into an entangled network structure (gel). The polymer solutions having gelation
temperatures between ambient and physiological temperatures are of particular interest for
biomedical applications. Being soluble at room temperature they form a gel inside the human body
upon the temperature increase after the injection and can be used e.g. as drug depots with sustained
release in drug delivery.??-3*

Here we demonstrate that a single molecular probe BPC12 can be used for the comprehensive
characterization of amphiphilic polymers. The fluorescent properties of the selected molecular
rotor have been shown to be independent of the temperature as such in the range from 5 to 60 °C,
but they only reflect environmental changes®> which is an additional benefit for studying
thermosensitive systems. Besides micelle viscosity, several important parameters, such as CMC,
CMT, micelle core T, and gelation temperature are determined by dint of only fluorescence
spectroscopy.

MATERIALS AND METHODS

Materials



Pluronic polymers F127 (F127, Mn: 12600 Da, 70%w/w PEO) and P123 (P123 Mn: 5800 Da,
30%w/w PEQO) as well as 1,6-diphenyl-1,3,5-hexatriene (DPH) were purchased from Sigma-
Aldrich (St. Louis, MO). 2-(4-Dimethylamino)styryl)-1-methylpyridinium iodide (Daspmi) was
purchased from Molecular Probes Inc., Life Technologies. All the chemicals were used without
further purification. BPC12 was synthesized in our group according to literature methods.*¢
Gibco™ Dulbecco's phosphate-buffered saline (DPBS) pH 7.25 was purchased from Thermo
Fisher Scientific (Massachusetts, USA).

Methods

Steady-state fluorescence. The fluorescence spectra of the sample solutions were obtained using
a Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon, UK) and a FLS-1000 spectrofluorometer
(Edinburgh Instruments, UK) both equipped with a thermocontrolled cuvette holder. The
excitation wavelengths were 490 nm for BPC12, 460 nm for Daspmi, and 356 nm for DPH.
Time-resolved fluorescence. Fluorescence intensity decay curves were measured using time-
correlated single photon counting (TCSPC) system (PicoQuant, GmBH) containing PicoHarp 300
controller and a PDL 800-B driver. LDH-P-C-485 was used to excite the sample at 483 nm with
the time resolution of ~ 100 ps. Detection system was the microchannel plate photomultiplier tube
(Hamamatsu R2809U). Cutoff filter of transmission > 490 nm was applied to reduce an impact of
the excitation light scattering. Fluorescence decays were monitored at 520 nm for BPC12 and at
560 nm for Daspmi. Instrumental response function (IRF) was measured separately at monitoring
wavelength 483 nm and used for deconvolution analysis of the fluorescence decays followed by
their fitting by sum of exponents (Eq. 1)

1(6,2) = ¥ a;e” /i (1

where 7; is the fluorescence lifetime and a; is the amplitude (pre-exponential factor).



Critical micelle concentration was determined at 22 °C and 37 °C by steady-state fluorescence
spectroscopy using BPC12 derivative as fluorescent probe. Another probe DPH commonly used
for CMC determination was employed as a control to validate the CMC values obtained by means
of BPC12. Fluorescence intensities were monitored at corresponding fluorescence maxima of the
used probes: 517 nm for BPC12 (Fig. SI1a) and 429 nm for DPH (Fig. SI1b).

Initial stock solutions of BPC12 (1.32 mM), DPH (1.48 mM) and both Pluronics (1 mM) were
prepared in chloroform. The fluorescent probes in chloroform were added to DPBS buffer yielding
final concentrations of 1.32 uM for BPC12 and 1.48 uM for DPH. Traces of chloroform were
removed using rotary evaporator for 5 minutes at the pressures of 50 mBar (22 °C) and 150 mBar
(37 °C). The evaporation conditions were selected to assure complete chloroform elimination and
simultaneously to avoid the evaporation of water. Increasing amounts of Pluronics were added
consecutively to the sample followed by the evaporation of chloroform. The samples were
thoroughly mixed before the fluorescence measurements to facilitate a uniform distribution of the
dye and copolymer in the measurement solution. The protocol of consecutive evaporation and
mixing was repeated after each polymer addition to keep the volume of the measured sample as
well as concentration of the fluorescent probe constant. Final volume losses after full series of
measurements were always below 10% and did not interfere the obtained data analysis and
interpretation.

Critical micelle temperature was measured by monitoring fluorescence intensity of BPC12 in two
different concentrations of each polymer. The micellar solutions were prepared in weight/volume-
% by taking corresponding mass of P123 paste and F127 flakes to make 3%w/v (5.2 mM) and
10%w/v (17 mM) solutions of P123, and 6%w/v (4.8 mM) and 10%w/v (7.9 mM) solutions of

F127, respectively. The solution preparation was rather easy for F127 as it was a solid at room



temperature. However, P123 is a paste at room temperature and was measured by volume using
known P123 paste density of 1.0189 g/ml. The corresponding amounts of F127 flakes and P123
paste were added directly to DPBS and the mixture was at once supplemented with BPC12 in
chloroform. The mixture was left mixing overnight under magnetic stirring to ensure the complete
distribution of the polymer in the solutions and chloroform evaporation. The polymer micellar
solutions (sols) for all the following experiments were prepared using the same protocol.
Temperature ramp experiments with the above micellar solutions of P123 and F127 containing 6.6
uM BPC12 were performed in the temperature range 4 — 25 °C with about 1 °C steps.

Viscosity in micelles. Viscosities were correlated to fluorescence lifetimes using the modified
Forster-Hoffman equation in logarithmic form (Eq. 2)

logt, = logkir + alogn (2)

where 7 — fluorescence lifetime of BPC12 in the solution of a given viscosity 7 , and z and « are

constants. Thus, plot oflog 7; as a function of log 7 serves as calibration curve for BPC12 behavior

depending on the environmental viscosity.>’

Two series of seven methanol/glycerol mixtures of different viscosities at concentrations of
glycerol between 0% and 100% (vol/vol) were prepared as a calibration set. Viscosities (#) of each
binary mixture were measured at 22 °C (1st series) and at 37 °C (2nd series) using HAAKE™
Viscotester™ iQ (Thermo Fisher Scientific, Germany). Each methanol/glycerol mixture was used
to dissolve 1.8 uM of BPC12 and the corresponding fluorescence intensity decays were recorded
in quartz cuvettes using the TCSPC system (PicoQuant, GmBH) described above (Fig. S12a, c).
Linear calibration plots of the solvent viscosity versus fluorescence lifetime at 22 °C and 37 °C

were obtained in double logarithmic scale (Fig. SI2b, d).



Micellar solutions of F127 and P123 for viscosity measurements were prepared in DPBS buffer
solution at 5 mM polymer concentration (2.9 %w/v for P123 and 6.3 %w/v for F127) that
significantly exceeded the CMC values of both polymers. Three different concentrations of BPC12
(1, 5, and 10 uM) were tested at 22 °C to assure that the concentration quenching of BPC12
emission does not take place to provide reliable viscosity measurements. The quenching would be
seen as a shortening of the observed excited state lifetime.?’ Identical fluorescence decays for all
the tested concentrations with the same lifetime values (Fig. SI3a, b) confirmed the absence of the
quenching. Therefore, the highest dye concentration was selected for the viscosity measurements
at 37 °C to provide better signal intensity.

Glass transition temperature in micelles or micelle core T, was obtained by time-resolved
fluorescence measurements of BPC12 in micellar solutions. The micellar solutions of P123 and
F127 in DPBS at 5 mM polymer concentration supplemented by 10 uM of BPC12 were measured
at different temperatures in the range of 20 — 46 °C and 20 — 58 °C, respectively, with 2 °C
temperature steps.

Size determination. Dynamic light scattering measurements were performed at 22 °C and 37 °C
using Zetasizer Nano ZS (Malvern Panalytical, UK) to yield information about micelle size.
Micellar solutions of P123 and F127 for DLS experiments were prepared in DPBS at 5 mM
polymer concentration. The samples were incubated at 22 °C or 37 °C on a heating plate for 15
minutes before the measurements to reduce temperature equilibration time inside DLS sample
chamber.

Gelation temperature (Tsoge1) Was determined by steady- state and time-resolved fluorescence of
BPCI12 and Daspmi to describe environmental changes in both hydrophobic and hydrophilic

domains of the system upon gelation. 30% w/v (52 mM) solution of P123 and 20% w/v (16 mM)
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solution of F127 were prepared in DPBS for the sol-gel transition experiments. BPC12 was added
at concentration 1.1 uM. Fluorescence intensities were monitored at 517 nm for BPC12 and at 595
nm for Daspmi. Fluorescence decays of BPC12 and Daspmi were measured at detection
wavelength 520 nm and 560 nm, respectively, upon heating from 8 to 25 °C for F127 and from 6
to 25 °C for P123 and subsequent cooling with temperature steps of 1-2 °C. The sample
temperature was equilibrated for 20 minutes before each measurement and between the cycles of
heating and cooling. The sol and gel states were visually confirmed, and the Tsoiges Was estimated
by tilting the cuvette containing the samples at several temperatures of the heating/cooling cycles.
RESULTS AND DISCUSSION

Critical micelle concentration

The micelle formation of Pluronics in aqueous solutions is a concentration- and temperature-
dependent process. Considering micelles as a potential drug delivery system, one should evaluate
their stability upon dilution in body liquids and at human body temperatures.?® The CMC value
serves as a parameter characterizing the micelle stability at a given temperature, i.e. the lowest
concentration of the Pluronic above which the micelles are stable. Therefore, the CMC values for
the polymers of interest were measured at both 37 °C and 22 °C room temperature (RT) by steady-
state fluorescence spectroscopy.

Dye solubilization is a well known technique for the determination of CMC.***? In our work the
environmental sensitivity of fluorescence of hydrophobic molecular rotor BPC12 was employed
for the first time to determine the CMC of Pluronics P123 and F127. Upon micelle formation, the
microenvironment around BPC12 molecules changed from hydrophilic to hydrophobic when the
dye was incorporated (solubilized) inside the hydrophobic core of the micelles. The environmental

change is known to lead to a significant increase in BPC12 fluorescence intensity and lifetime.’
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Such a dramatic difference in BPC12 fluorescence in buffer and micellar surroundings allows us
to use the dye solubilization by micelles as a contrast mechanism to determine CMC. Plots of

BPC12 fluorescence intensity change upon increasing the concentration of Pluronics are presented

in Fig. 2a, b.
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Figure 2. Fluorescence intensity of 1.32 uM BPC12 in the presence of different concentrations of
the polymers P123 (blue circles) and F127 (red squares) monitored at 517 nm (Aex = 490 nm). Plots
for the determination of CMC for the both polymers at 22 °C (a) and 37 °C (b). (¢) Fluorescence

spectra of BPC12 upon titration by increasing concentrations of P123 at 22 °C.

To validate BPC12 solubilization method described above, control experiments at the same
temperature conditions and using the same sample preparation protocols were performed utilizing
a hydrophobic dye DPH conventionally used in fluorescent CMC determination technique
(Fig. Sl4a, b).*¥3 The CMC for both Pluronic block copolymers determined using BPC12 and
DPH at two different temperatures are presented in Table 1. The results obtained with the both
dyes are in good agreement (e.g. 2.72 uM vs. 3.04 uM for P123 at 22 °C), confirming the validity
of the BPC12-based approach. CMC values for P123 are about 2 times higher than for F127 (e.g.
2.72 uM vs. 1.42 uM at 22 °C) due to a bigger contribution of hydrophilic units in F127 that
facilitate the screening of the hydrophobic core from water.2® The values at 37 °C are expectedly
about 4 times lower compared to those at 22 °C which is explained by the changes in the micelle
polarity resulting in the dehydration and increase in the aggregation number upon temperature
rise.*” The CMC of F127 and P123 published earlier by Kabanov et. al.2® (2.8 and 4.4 uM at 37 °C)
are higher than those obtained in our work (0.4 and 0.8 uM at 37 °C). This is due to the different
media used in these studies. We performed the experiments in DPBS, while bidistilled water was
used in the article above. Similarly to temperature effect, addition of salts also leads to the
dehydration of the hydrophilic micelle corona (salting out effect) and hence decreases CMC.*!#2
Critical micelle temperature

Micellization is a thermoreversible process, and the CMT is determined as the lowest possible

temperature at which the micelles are stable in the solution at a given surfactant concentration. To
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pinpoint the CMT values for both studied polymers we monitored steady-state fluorescence
intensity of BPC12 at different temperatures upon heating and cooling. The same dye
solubilization principle as in CMC experiments was utilized to obtain CMTs.

Plots of the change in BPC12 fluorescence intensity monitored at 517 nm upon heating and
cooling in 3%w/v P123 and 10%w/v F127 are presented in Fig. 3a, b. Graphs for the other
concentrations of the Pluronics (10% P123 and 6% F127) are shown in Fig. SISa, b. The
temperature where the fluorescence intensity ceased to increase during the heating cycle was
attributed to a complete micellization of the solution. The obtained CMTs are 15 °C and 8 °C for
3% and 10% P123, and 21 °C and 17 °C for 6% and 10% F127 (Table 1). The values are in line
with those reported earlier for the polymers in literature using different methods, e. g. NMR, static
light scattering and fluorescence anisotropy techniques.?***** Moreover, the CMT results also
expectedly show that the micellization temperature decreases with the polymer concentration

increase and vice versa.?’
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Figure 3. Steady-state fluorescence intensity of BPC12 monitored at 517 nm (Aex = 490 nm) as a

function of temperature in 3% solution of P123 (a) and 10% solution of F127 (b) in DPBS. Heating

cycle — red squares, cooling cycle — black circles. Plots for the determination of CMTs. (c)

Fluorescence spectra of BPC12 in 10% solution of F127 corresponding to the plot (b) where arrows
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show spectral changes upon heating (BPC12 monomer peak at ca. 517 nm and its aggregate — ca.

610 nm).

Table 1. Characteristics of self-assembling polymers P123 and F127 determined by means of

molecular rotor BPC12.

CMC, pM
Polymer 22°C 37°C
P123 2.7+£0.2 (3)* 0.76 £ 0.10 (3)
P123/DPH control 3.04 £0.05 (2) 0.65 (1)
F127 1.42 £0.16 (2) 0.348 + 0.005 (2)

CMT, °C
P123 (3%w/v) 15.0+ 0.5 (2)
P123 (10%w/v) 8.0 (1)
F127 (6%w/v) 21.0 (1)
F127 (10%w/v) 17.0 £ 0.5 (2)

Ty (micelles), °C
P123 (5 mM) 34.0+0.5(3)
F127 (5 mM) 39.0+0.5(3)
Viscosity of micelles, cP
22°C 37°C

P123 (5 mM) 239+9 (4) 60 + 6 (3)
F127 (5 mM) 167 10 (3) 40+ 6 (3)

Tsol-gel, °C
P123 (30%w/v) 13.0+ 1.0 (2)
F127 (20%w/v) 17.0+ 1.0 (2)

*Number of replicates for each experiment is given in parentheses

16



After CMT the fluorescence intensity of F127 slowly starts to decrease (Fig. 3b and Fig. SI5b)
in contrast to P123 where it stays constant even within 3-4 °C over the CMT (Fig. 3a and
Fig. SI5a). The behavior is explained by the difference in the hydrophilic/hydrophobic balance of
the two polymers leading to their different micelle structure. P123 has smaller hydrophilic part (40
PEO) compared to F127 (200 PEO). Hence, more molecules of P123 is needed to have enough of
hydrophilic units for the shell to screen hydrophobic core from aqueous medium and form stable
micelles. This is seen by higher CMC for P123 than for F127 as shown in the previous section,
and 2.5 times higher aggregation number 107 was reported for P123 versus that one 42 for F127
in water at 30 °C.* Having less polymer molecules but similar size (Table SI1) F127 micelles are
less densely packed and have less hydrophobic units in the core part. While P123 micelles are
more compact and have more hydrophobic units. The densities of the micelles are in line with the
internal viscosities determined in the next section, 239 cP for P123 versus 167 cP for F127 at 22 °C
(Table 1). Thus, further temperature elevation over CMT affects mobility of the hydrophobic core
of loosely packed F127 micelles in a greater extent and faster than in case of more compact P123
micelles. However, the higher temperatures finally lead to viscosity decrease and probe
fluorescence decrease in P123 micelles similarly to F127 as seen in the following sections of 7,
and To1¢er determination.

The BPC12 is known to form aggregates in hydrophilic media and the formation of the
aggregates is manifested by the appearance of a new emission band at about 610 nm (Fig. 3c).*
Upon micelle formation the molecular rotor solubilizes, and the aggregates disintegrate into
monomers with the emission band at 517 nm as shown by arrows in Fig. 3¢ and its inset. Thus, the
fluorescence spectrum shape of BPC12 is another indicative and a solid confirmation of stable

micelle formation.
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Fluorescence decays of 10%w/v F127 were recorded to check whether BPC12 lifetime could be
an indicator of the unimer to micelle transition and allow more accurate determination of the CMT
(Fig. S16). The time-resolved measurements gave micellization temperature similar to that
obtained in the steady-state experiments. Fluorescence decays of the dye in unimer solution
appeared to show a multiexponential character at the temperatures below CMT (Fig. SI6, black
and blue curves), due to BPC12 aggregation in aqueous solution.*>> While upon heating the polymer
over its micellization temperature the kinetics became monoexponential (Fig. S16, green and red
curves) indicating the micelle formation and the solubilization of the molecular rotor.

Micelle characterization

Micelle formation at 5 mM polymer concentration exceeding the measured CMC was proved by
DLS measurements (Table SI1). The Pluronics were shown to form micelles with comparable
sizes, 24 nm for F127 and 22 nm for P123. Heating the micelles from room temperature to 37 °C
caused a slight decrease in micelle size. Size distribution was narrower for P123 than in case of
F127 micelles as concluded from their PDI values.

Kinetic micelle stability of P123 micelles was indirectly followed by TCSPC measurements of
BPC12 in the micelles for several days. Lifetime of the dye stayed unchanged for at least 8 days
suggesting that the micellar solution was stable for over a week (Fig. SI7).

Viscosity in micelles

Polymeric micellar solutions are heterogeneous systems where viscosities vary significantly
from one micro-domain to another. Thus, local environmental mobility at microscopic level, e. g.
in buffer, micelle core, or micelle corona can be rather different. Being designed to measure

7

viscosity in hydrophobic media,”*” in our study BPC12 was incorporated in the hydrophobic

micelle core completely and could thus be used to sense the changes in the core viscosity.
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Viscosities in the micelles made of both studied polymers P123 and F127 at 22 °C and 37 °C
(Table 1) were determined using corresponding calibration curves (Fig. SI2b, d). Core viscosities
of both F127 and P123 micelles at 37 °C were expectedly about four times lower than the
corresponding values at 22 °C (e.g. 60 cP vs. 239 cP for P123). Interestingly, the viscosity of F127
micelles core turned out to be smaller compared to P123 micelles regardless the measurement
temperature suggesting that P123 micelles are more densely packed compared to F127 ones.
Glass transition temperature in micelles (Ty)

Herein we describe a direct non-destructive method to measure micelle core 7, in Pluronics
based micelles. To the best of our knowledge, this is the first time when the time-resolved
fluorescence spectroscopy is used in this application. The phenomenon of micelle core fluidity
change was scarcely studied at low polymer concentrations due to lack of available methodology.
Differential scanning calorimetry (DSC), the conventional method used for glass transition
temperature determination, is difficult to implement for micellar systems.*® Moreover, besides a
somewhat complicated sample preparation protocol, DSC results depend on many parameters
among which the volume of the glass former in the sample and heating/cooling rate are the most
critical ones.*’ The term T, was applied to describe the change in polymeric micelle core mobility
following a paper of Evans et al. where authors proposed steady-state fluorescence based technique
to determine 7, of micelle core. * Although the steady-state spectroscopy is technically easier than
the time-resolved one, it includes an additional step of covalent labelling of the diblock copolymer
with a pyrene probe to control probe concentration and ensure reliability of fluorescence intensity
data. Another inconvenience of the method presented by Evans and coworkers is that the small
contribution of pyrene excimer emission to the general integrated fluorescence intensity should

have been accounted for. In our work, the dye sensor is incorporated into the core by a non-
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covalent self-assembly. The TCSPC technique allows the measurement of fluorescence lifetime at
a specific wavelength corresponding to the singlet excited state fluorescence. Hence, any potential
contribution of the other excited state species is initially excluded. Fluorescence lifetime
independence of the probe concentration is another evident benefit of using time-resolved
fluorescence spectroscopy.*® However, we would like to additionally note that the used term
micelle core Tg differs from a classic understanding of Tg in bulk polymers. The difference is
mediated by the presence of additional interactions between polymers in the presence of aqueous
buffer solution namely their self-assembly feature. We do believe that the self-assembly mediated
by the solvent presence dramatically affect Tg of the final micelle core, and the micelle core Tg
cannot be directly compared to dry bulk polymer Tg.

Fluorescence decays of BPCI12 in P123 and F127 micelles at different temperatures are
presented in Figures 4a and 4c, respectively. Fluorescence lifetimes were calculated using
monoexponential fitting model (Eq. 1) and plotted as a function of temperature (Fig. 4b, d). Clear
intersection points between the two linear regions are observed in the obtained dependences at
34 °C for P123 and 39 °C for F127. Upon heating over the intersection temperature, the change in
fluorescence lifetime becomes shallower meaning that the viscosity dependence on the
temperature diminishes. It implies that the hydrophobic micellar core becomes more fluid and the
polymer chains attain increased mobility.! Therefore, the intersection temperature is an indicative
of glass transition in the core of the studied micelles. Micelle structure becomes more dynamic
which may potentially prompt the drug release in drug delivery applications of the Pluronics or
may be beneficial in micellar catalysis. Moreover, the obtained intersection temperature does not

depend on the polymer concentration and the polymer/dye ratio as shown in Fig. SI8. This
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additionally strengthens the interpretation of the temperature as 7, characterizing dynamics of the

micellar core rather than bulk 7, or any other phase transition known in self-assembling materials.
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Figure 4. Fluorescence intensity decay curves (a, c¢) detected at 520 nm (Aex = 483 nm) and
corresponding calculated lifetimes (b, d) of BPC12 (10 uM) in P123 (5 mM) micelles (upper panel
a, b) and F127 (5mM) micelles (lower panel c, d) at different temperatures. The intersection of

linear regression fits of the data denotes the 7 in the micelle core.

Gelation temperature (Tsorgel)
The viscosity sensitive fluorescent properties of BPC12 were used to determine the temperature
of gel formation for both P123 and F127 Pluronics. Lifetime-based study of chemically driven

gelation using molecular rotors has been recently reported by Hungerford et. al for studying water-
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soluble anionic polysaccharide Gellan gum.'® We tested the applicability of both steady-state and
time-resolved fluorescence properties of BPC12 to reveal the gelation in solutions of self-
assembling Pluronic triblock copolymers. Upon temperature elevation, the stronger hydrophobic
interactions of PPO blocks and a partial dehydration of the PEO shell lead to micelle aggregation
and further close packing of the aggregates in a network structure.?%*->° As the gel formation is
inevitably accompanied by a restriction of the polymer chain mobility and hence viscosity
increase, the BPC12 is capable to sense even minute changes of dye surrounding upon gelation.

To assure polymer gelation we used significantly higher concentrations of the two Pluronics,
30%w/v (52 mM) P123 and 20%w/v (16 mM) F127, compared to those used for micelle formation
earlier. At these polymer concentrations visible formation of a hard transparent gel was observed
at room temperature, and the solutions were liquid at 4 °C (Fig. 5a) for the both polymers. Thus,
they had Tsorger in the same temperature range 4-20 °C suitable for our equipment.

Steady-state fluorescence intensity of BPC12 monitored at 517 nm in 30%w/v P123 follows
linear monotonously decreasing trend without any drastic change in the temperature range of
interest 4-20 °C (Fig. SI9). This can be explained by one of the known micelle formation
mechanisms when gel is formed via micelle aggregation into larger worm-like structures and then
the structures form entangled network. The micelle structure probably stays almost unchanged in
the process of gelation. Therefore, BPC12 incorporated in the micelles does not show any

pronounced change in fluorescence intensity upon the transition from liquid sol to hard gel.
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Figure 5. (a) Pictures of 20% F127 at 4 °C (sol) and at RT (gel). (b) BPC12 fluorescence lifetime
monitored at 520 nm (Aex = 483 nm) in 20% F127 in DPBS as a function of temperature. Heating

cycle — red squares, cooling cycle — black circles.

Fluorescence lifetimes of BPC12 in the same polymeric solutions were measured within the
same temperature range. Figure 5b shows the lifetimes plotted versus temperature for 20%w/v
F127 upon heating (red squares) and consequent cooling (black circles). The resulting lifetime
trend shows two linear regions with an intersection point. The temperature at the intersection point
was attributed to a complete gelation of the solution. Similar plot for 30%P123 is presented in
Fig. SI10. The temperatures are 17 °C for 20%w/v F127 and 13 °C for 30%w/v P123 (Table 1).

The obtained temperatures are close to those estimated visually by cuvette tilting method: 19 °C
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for 20%w/v F127 and 14 °C for 30%w/v P123. The resulting gelation temperatures are in well
agreement with the values reported in literature however slightly lower (2-5 °C).*%? Similarly to
the case of CMC, the lower sol-gel transition temperatures are partly explained by the effect of
salts in DPBS buffer as the addition of salting out electrolytes is known to facilitate micellization
and gelation processes.*!**** It should be noted that a direct comparison is difficult because of a
diversity of the ways to calculate and prepare a particular polymer concentration as well as a
varying accuracy of the temperature measurements in different publications.

Thus, the time-resolved fluorescence measurements are shown to be more sensitive for 7Tio/ges
determination using BPC12 probe and are therefore presented in Figure 5b. Although molecular
rotors sense only their local microenvironment change, our results show that the gelation process
in macroscopic scale of the sample affects the micelle core structure at some extent. And it
appeared that the time-resolved fluorescence spectroscopy of BPC12 can detect even these slight
micelle structure changes accompanying the sol to gel transition. There are at least two
mechanisms of gelation reported for different types of Pluronics, viz. rearrangement from spherical
to worm-like micellar structure shown for Pluronics of P type, e.g. P84 and P123,%%3° and micelle
packing, either via spherical micelle enlargement or via formation of new micelles, leading to
shortening of intermicellar distance and consequent micellar network entanglement (cubic
structure) proposed for Pluronics of F type, e. g. F108 and F127°%37. Here we compare P123 and
F127 gelling probably via different mechanisms, and we can claim that lifetime measurements are
sensitive enough to see macroscopic changes (gelation) via microscopic rearrangements (micellar
structure change) taking place upon the gelation process regardless the gelation mechanism.

BPC12 had shown promising though limited sensitivity to sol-get transition likely due to its

hydrophobic nature resulting in the dye accumulation and sensing the environment inside the
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micelle. Therefore, we suggested that a hydrophilic rotor could better reflect the viscosity change
in the micelle corona or in intermicellar space and, thus, it could better detect the gelation point.
We decided to use hydrophilic molecular rotor Daspmi (Fig. SI12) to validate the data obtained
using BPC12. According to our data, indeed, the hydrophilic molecular rotor Daspmi has revealed
the gelation temperature in both steady-state and time-resolved fluorescence experiments. Similar
temperature ramp experiments of 30% P123 in the presence of Daspmi gave fluorescence intensity
change curve with a maximum at the gelation temperature 14 °C (Fig. SI11a). Time-resolved data
for the same 30% P123 supplemented with Daspmi yielded a lifetime trend with two intersection
points at 13 °C and 19 °C (Fig. SI11b). The first temperature agrees with the Tso.ger determined
using BPC12 (13 °C) (Fig. SI10) and by cuvette tilting (14 °C) as well as the one obtained in the
steady-state fluorescence experiments with Daspmi (14 °C). The second intersection temperature
may indicate the end of the gelation process. However, the conclusion needs further studies to be
proven as visually the 30% P123 represents hard transparent gel already at over 14 °C.
CONCLUSIONS

Hydrophobic molecular rotor BPC12 can be used for the multiparameter characterization of self-
assembling polymers using its strong fluorescence sensitivity to the surrounding environment. For
the first time, molecular rotor’s steady-state fluorescence spectra have been utilized to determine
both the critical micelle concentration and critical micelle temperature. Furthermore, the time-
resolved fluorescence spectroscopy of BPCI2 offers a novel sensitive, accurate and non-
destructive alternative for measuring 7, of the polymeric micelle core and simultaneously delivers
valuable information about hydrophobic micelle core viscosity. The BPC12 molecule is also useful
for studying the thermoreversible sol-gel transitions. Thus, the BODIPY molecular rotor is

particularly valuable for determining many important features of self-assembling materials with
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potential for drug delivery applications. We strongly believe that the arsenal of parameters
measured using the BODIPY sensor can be expanded and the technique presented in this paper
can be generalized for other polymeric materials and applications in different fields of polymer-
based nanotechnology. We also suggest that the other molecular rotors may show potential for the

fluorescence-based investigation of self-assembling materials.
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