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Introduction

Tailoring polyester-based diblock copolymers for
boron-enhanced drug delivery: synthesis, kinetics,
and nanoparticle characterizationfy

3 Ewa Pavlova,?
® and Mariusz Uchman (2 *@

Robert Mundil, 2 *@ Pavlina Markova,® Martin Orsagh,
Zuzana Walterova,? Petr Toman, {2'° Olga Ko¢kova

Here, we present the synthesis of diblock copolymers of poly(ethylene glycol) methyl ether-b-poly(e-
caprolactone) (MPEG-b-PCL) with prop-2-ynyl (propargyl) substituents on e-caprolactone (e-CL) units.
The copolymerization of -CL with its propargylated derivative initiated by mPEG, followed by a thiol-yne
click reaction with 1-thioglycerol, results in copolymers featuring vicinal diols capable of reversibly
binding boronic acid derivatives. Detailed kinetic experiments were conducted to monitor the homo- and
copolymerization of e-CL with 7-(prop-2-ynyl)oxepan-2-one. By analyzing the kinetic data, we calcu-
lated the copolymerization parameters and mapped the composition profile of the resulting copolymers.
The resulting gradient copolymers exhibited a lightly tapered composition profile, with an increase in e-
CL consumption at higher conversions where the more reactive 7-(prop-2-ynyl)oxepan-2-one is almost
depleted. These findings were further validated through quantum chemical calculations, providing insights
into the precise structure and composition of the copolymers. Characterization of the self-assembled
nanoparticles was performed using static and dynamic light scattering, and their morphology was visual-
ized via conventional and cryogenic transmission electron microscopy, confirming the formation of small,
homogeneous spherical micelles. To demonstrate their potential in drug delivery, we combined a model
drug consisting of a phenylboronic acid-conjugated metallacarborane cluster with diblock copolymer,
utilizing reversible bonding between diols and phenylboronic acid and investigated the impact of drug
loading on nanoparticle properties. Our comprehensive study underscores the importance of precise syn-
thesis and structural prediction in the development of biodegradable diblock copolymers, offering valu-
able insights into their synthesis, kinetic behavior, and nanoscale assembly for advanced drug delivery
applications.

delivery."”> Many drug polymeric delivery systems (DDSs) have
been produced with poly(e-caprolactone) (PCL) and its copoly-

Amphiphilic block copolymers are versatile materials compris-
ing two or more chemically distinct and typically immiscible
covalently bonded blocks. By changing these blocks or their
order, length, or incompatibility, the material properties can
be easily tuned for specific applications. Such a convenient
adjustability has prompted their use in diverse fields including
tissue engineering, cell encapsulation, gene therapy and drug
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mers due to their relative affordability, high permeability to
numerous drugs, excellent biocompatibility, and ability to be
fully excreted from the body once bioresorbed.>> Well-defined
PCLs with narrow molar mass distributions are formed by
e-CL ring-opening polymerization (ROP) routinely catalyzed
by FDA-approved tin(u) ethylhexanoate (stannous octoate,
SnOct2),°”® using an mPEG macroinitiator in order to obtain
block copolymers. In this regard, mPEG-b-PCL-based
nanoDDSs with a high encapsulation efficiency (EE) have been
prepared for various active compounds (177-1269 g mol ™,
Xlog P3 —9.9 to 7.5)'*"" including poorly soluble sulforaphane
and paclitaxel. The loading content of the latter increases with
the length of the hydrophobic PCL block.**

Considerable research efforts have been made to modify
synthetic polyesters to tackle their main limitations, namely
inherent hydrophobicity and lack of chemical functionalities
between the backbone ester groups.’® The solution is the
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modification of the polyester backbone with adequate func-
tional groups that can be attached via polymerization of pre-
functionalized monomers,'*"” post-polymerization
modifications'®?° or the combination of both methods.*' >
Combined synthetic pathways are based on functionalized
monomers that are suitable for subsequent click reactions,
such as thiol-ene or thiol-yne click reactions.”*° One of the
appropriate monomers for the thiol-yne click reaction is pro-
pargyl substituted e-caprolactone (PgCL). This monomer is
typically produced as an isomeric mixture of 3- and 7-( prop-2-
ynyl)oxepan-2-ones (3- and 7-isomers) containing 30% of the
3-isomer and it has been widely used in biomedical appli-
cations of the respective (co)polymers.>®3°

In cancer therapy, conventional low-molecular therapeutics
exhibit unfavorable pharmacokinetics, suboptimal biodistribu-
tion, short blood half-life and prominent off-target, resulting
in severe side effects. In comparison, nanoparticle formu-
lations of the desired size (over 40 kDa to exceed the renal
clearance threshold) show reduced kidney excretion and there-
fore prolonged circulation half-life. The half-life can be further
improved by coating the nanoparticles with stealth polymers.
Notably, poly(ethylene glycol) coatings are extensively used to
prevent aggregation and opsonization with plasma proteins.*”
Several types of boron-containing compounds are frequently
considered for cancer treatment, such as boronic acids and
boron clusters.*® Boronic acids (BAs) are inherently electron-
deficient organoboron compounds due to a vacant p-orbital on
the boron atom. In aqueous media, hydroxyl groups act as
Lewis bases interconverting the sp>-hybridized form of BAs to
a tetrahedral sp® hydroxyboronate anion in a pH-dependent
equilibrium. Although both forms bind to 1,2- and 1,3-diols,
boronate esters formed by the latter are more hydrolytically
stable.>® Despite being highly reactive, BAs show remarkable
stability and a very low toxicology profile.*® Owing to these pro-
perties, BAs are employed as stimuli-responsive groups, as tar-
geting ligands, and as therapeutics. In BA-containing materials
for drug delivery, not only pH but also reactive oxygen species
(ROS) and diols such as sugars and adenosine triphosphate
(ATP) can be used as release triggers.* ™

Boron clusters are polyhedral boron hydrides whose high
boron content makes them suitable for boron neutron capture
therapy (BNCT).*® Upon irradiation with thermal neutrons,
boron-10 atoms yield recoiling lithium-7 nuclei and alpha par-
ticles which destroy biologically active molecules, such as DNA,
RNA, and proteins. The short path of these particles (approxi-
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mately one cell in diameter - 10-14 pm) and the weak hydrogen
and nitrogen capture cross-section limit damage to normal
tissue.”* Nevertheless, delivering boronated compounds to a
tumor while avoiding significant uptake in normal tissues and
adsorption to plasma proteins remains a challenge.*> A promis-
ing strategy for overcoming these drawbacks is integrating
boron clusters with polymeric delivery systems.*®

Thus, we prepared several diblock copolymers mPEG-b-P(e-
CL-co-PgCL) bearing propargyl pendant groups. The sub-
sequent modification of reactive triple bonds via a thiol-yne
click reaction with 1-thioglycerol yielded copolymers bearing
vicinal diols, which can reversibly bind to boronic acid deriva-
tives. Additionally, we studied the kinetic profile of e-CL/PgCL
copolymerization and characterized the self-assembled nano-
particles by static and dynamic light scattering. The formation
of small, homogeneous spherical micelles was visualized
using conventional (negatively stained samples) and cryogenic
transmission electron microscopy. Finally, we encapsulated a
newly synthesized model drug, COSAN-pyridinium-3-boronic
acid conjugate, into spherical micelles and investigated the
effect of drug loading on these particles.

Results and discussion

Synthesis and characterization of mPEG-b-P(e-CL-co-PgCL)
copolymers

The synthesis of mPEG-b-P(e-CL-co-PgCL) was performed in
one pot with a reaction mixture of twice azeotropically distilled
mPEG as a macroinitiator and e-CL/PgCL as comonomers.
PgCL was used as the original mixture of both isomers (30% of
3-(prop-2-ynyl)oxepan-2-one) with a molar ratio of e-CL/PgCL =
3/1. Three polymerization feeds, with increasing ratio between
the mPEG and e-CL/PgCL units, were prepared (Table 1).

All three copolymerization experiments showed the con-
trolled polymerization behavior with the dispersity values
increasing from 1.20 to 1.30 with prolongation of the polymer-
ization time (Table 1). The total monomer conversion was con-
stantly around 90% for different polymerization times, which
was accompanied by the same degree of substitution (DS) for
all copolymers (15%). This further indicates the well-controlled
polymerization process, even at longer polymerization times
(entries 1b2 and 1c, Table 1), which enabled the subsequent
modification of the synthesized diblock copolymers via a
thiol-yne click reaction.

Table 1 Synthesis of MPEG-b-P(e-CL-co-PgCL) in toluene catalyzed by SnOct, at 110 °C?

Entry  fgpec (mmol)  PgCL(eq) ¢(h) Conv.” (%) N°eCL N PgCL DS (%) M,°(kgmol™) DP° M,"MRS (kg mol™)
la 0.2 11 3 89 33 6 15 12.0 1.19 9.6
1b2 0.2 26 8 91 65 11 15 15.1 1.21 14.1
1c 0.1 71 14 94 202 34 15 30.3 1.27 32.9

?¢-CL/PgCL = 3/1, mPEG/SnOct, = 1/0.5, M,(mPEG) = 5 kg mol™", and Vigjyene = 3 ml b Total monomer conversion determined by 'H NMR.
° Number of repeating units determined by "H NMR. “ Degree of substitution determined by "H NMR. ¢ Apparent number-average molar masses
(M,,) and dispersities (P) determined by SEC-ELS with PS calibration in THF at 25 °C./ Determined by 'H NMR.

1218 | Polym. Chem., 2025, 16, 1217-1230
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Thiol-yne click functionalization of mPEG-b-P(e-CL-co-PgCL)

To obtain the final products containing vicinal diols, UV-
initiated thiol-yne click reactions between mPEG-b-P(e-CL-co-
PgCL) diblock copolymers and an excess amount of 1-thiogly-
cerol were studied. At the beginning, we performed the pre-
liminary screening to map the effect of the reaction time and
irradiation intensity on the molar mass, its distribution and
the DS of the resulting polymers. Minimal degradation and
the highest functionalization were observed after 65 minutes
at 9 mW cm™2, which were taken as standard conditions
(Table 2).

The adopted reaction conditions resulted in negligible
degradation within the modification of diblock copolymers 1a
and 1b2 (Table 1). Only a slight decrease of molar mass
accompanied by mild broadening of its distribution was
observed (Table 2), as shown in Fig. S1(A and B).f The only
exception was sample 2¢10, containing the longest hydro-
phobic block, that showed twice lower molar mass with the
increase of dispersity from 1.27 to 1.70 after UV exposure (C,
Fig. S17). This behavior is in line with the previously published
data, describing that longer PCL chains are more inclinable to
undergo UV degradation.*® However, all diblock copolymers
modified with 1-thioglycerol (Table 2) exhibited the same
degree of substitution as the starting copolymers (Table 1).
Moreover, no double bonds were detected in the 'H NMR
spectra (B, Fig. 1). This indicates that each alkyne functional
group was reacted with two thiol species, generating a
dithioether. These findings are in line with previous obser-
vations, upon monitoring the concentration of functional
groups by IR spectroscopy.*”

Kinetics and modeling of the copolymerization of e-CL and 7-
(prop-2-ynyl)oxepan-2-one

Furthermore, we thoroughly separated both PgCl isomers (3/7-
(prop-2-ynyl)oxepan-2-ones) and performed (co)polymerization
kinetic experiments with unsubstituted e-CL to reveal the
mutual reactivity of these species. Having in mind that the syn-
thesized PgCl contains only 30% of the 3-isomer,*® we mainly
focused on the copolymerization of e-CL with the 7-isomer, as
the content of the 3-isomer is further decreased upon addition
of e-CL (3 eq. of &-CL towards PgCL in our experiments) and
does not have a vast impact on the resulting copolymer struc-

Table 2 Thiol-yne click reaction of mPEG-b-P(e-CL-co-PgCL) in THF
at 25 °C?

Mpgor DS’ M,° M,NMRE
Entry (mmol) (%) (kg mol ™) bf (kg mol ™)
2a2 0.25 16 9.9 1.35 8.6
2b2 0.31 15 12.4 1.42 13.6
2¢10 0.41 15 14.5 1.70 —

 MmpEG-b-Pe-CLco-Pgcr) = 0-4 & Vrpr = 4 ml, PgCL/a-TG/DMPA = 1/15/
0.5, 1 =9 mW cm 2, and ¢ = 65 min. ” Degree of substitution deter-
mined by "H NMR. ° Apparent number-average molar masses (M,,) and
dispersities (P) determined by SEC-ELS with PS calibration in THF at
25 °C. ¢ Determined by 'H NMR.

This journal is © The Royal Society of Chemistry 2025
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ture. Despite the FDA-approval of tin(n) ethylhexanoate,® we
decided to study the (co)polymerization kinetics via a metal-
free reaction pathway, using the organocatalyst TBD under
milder reaction conditions (30 °C), as ROP catalyzed by Sn
(Oct), at 110 °C is highly energetically demanding.

Linear dependency of In([M,]/[M]) (Fig. 2) on time
showed that the propagation reaction of e-CL and 7-isomer
copolymerization is first order with respect to the monomer
concentration, confirming the controlled character of copoly-
merization (Fig. 2). Living/controlled copolymerization be-
havior was further suggested by increasing molar mass with
reaction time, showing narrow SEC-ELS traces (right part of
Fig. S2f) with low dispersities, which were below 1.20
(Table S1t). Apparent molar masses (SEC-ELS with PS cali-
bration) of the synthesized copolymer displayed linear
dependencies when plotted with conversion (left part of
Fig. S2t), which is also a crucial factor of living/controlled
copolymerization.*®

Data from kinetic experiments were also utilized in the cal-
culations of the copolymerization parameters of e-CL and 7-
(prop-2-ynyl)oxepan-2-one. The reactivity ratio of both como-
nomers was identified by "H NMR analysis of the reaction
mixtures that provided the total monomer conversion and the
evolution of monomer feed composition within the copoly-
merization reaction. This set of experimental data was pro-
cessed with the Integrated Ideal Model (A, Fig. 3). The
Integrated Ideal Model was developed by Frey et al.*® and it is
derived from Wall’s non-terminal (“ideal”) model,”® describ-
ing the ideal copolymerization (r1-72 = 1). The calculated
copolymerization parameters of the e-CL and 7-isomer couple
obtained from the Integrated Ideal Model (r..cy, = 0.36; 7.is =
2.79) confirmed the higher reactivity of the 7-isomer (A,
Fig. 3).

The same data set (total conversion vs. monomer feed com-
position) was also evaluated with the more complex terminal
model originally proposed by Mayo and Lewis.”" The differen-
tial Mayo-Lewis equation was combined with the Skeist
relation®* and converted to the integrated model by Meyer and
Lowry.”® The Meyer-Lowry model (Fig. S37) provided similar
copolymerization parameters (r..c;, = 0.28; 7.5 = 2.05) to the
Integrated Ideal Model (r.c, = 0.36; ry4s = 2.79, Fig. 3A)
without a significant change in the fit quality. Overall, the
Integrated Ideal Model can sufficiently describe the experi-
mental data, which clearly indicates the ideal copolymeriza-
tion of e-CL with the 7-isomer. The similar copolymerization
behavior has been already studied for different monomer
systems,*93%433

Copolymerization parameters obtained from the Integrated
Ideal Model*® enabled the calculation and further precise
display of structural composition along the polymer chain by
applying the Skeist model (Table S21 and Fig. 3B).”* The result-
ing gradient copolymer showed a lightly tapered composition
profile with an increase of the e-CL consumption at higher
conversions where the more reactive 7-isomer is almost ener-
vated (B, Fig. 3). Moreover, our kinetic experiments were
further supported by quantum chemical calculations.

Polym. Chem., 2025, 16, 1217-1230 | 1219
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- and diol-containing polymers (B), SEC-ELS chromatograms representing

the synthesis of mPEG-b-P(e-CL-co-PgCL) copolymers in toluene catalyzed by SnOct, at 110 °C (C) and modification of these copolymers via a

thiol—yne click reaction in THF at 25 °C (D).

Quantum chemical validation of the kinetics and copolymer
structure

To support our experimental findings, we conducted quantum
chemical calculations. These calculations offered detailed
insights into the electronic structure and reactivity of the
adopted comonomers, validating the kinetic and compo-
sitional data obtained from our experiments. The integration
of computational results enhanced our understanding of the
copolymer structure and stability.

Initial step of the &-CL ROP. By analogy with our previous
paper,” the studied system consisted of the polymerized
monomer (e-CL), the initiator (BnOH), and TBD acting as a

1220 | Polym. Chem., 2025, 16, 1217-1230

catalyst dissolved in toluene. In this three-compound system,
there are possible three bimolecular complexes and one trimo-
lecular complex, of which the BnOH-TBD bimolecular
complex has the lowest Gibbs free energy. Thus, the energy of
this most stable complex was taken as the ground state of the
system. Based on the results of previous DFT studies of six-
membered and larger cyclic lactones®®*” as well as experi-
mental data,”®® we suppose for the calculation of the ROP
reaction route the “donor-acceptor” mechanism B, rather than
an alternate “amide” mechanism A.>°

The calculation of the energy profiles (Table S3at) of the
initial step of the &-CL ROP started with the conformational
analysis of the initial structure I1 and the first transition struc-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Kinetic plots of the homopolymerization of ¢-CL and 7-(prop-2-ynyl)oxepan-2-one (left) and their mutual copolymerization (right) in
toluene catalyzed by BnOH/TBD at 30 °C.
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Fig. 3 The Integrated Ideal Model describing the copolymerization of ¢-CL and 7-(prop-2-ynyl)oxepan-2-one in toluene catalyzed by BnOH/TBD
at 30 °C (A) and the simulated composition profile of the copolymer obtained from a 1: 1 monomer mixture of e-CL and 7-(prop-2-ynyl)oxepan-2-

one in toluene catalyzed by BnOH/TBD at 30 °C (B).

ture TS12 (see Scheme 1). From all obtained conformers, the
one showing the lowest Gibbs free energy of TS12 was selected
for a detailed study of the ROP mechanism (Scheme 1). The
free energy of the starting structure I1 under vacuum is
2.5 kecal mol™" above the ground state, which agrees very well
with the value of 2.8 kcal mol™ found by Nifant’ev et al.> for
an analogical complex of e-CL with methanol and TBD. In
toluene, this value increases to 4.6 kcal mol™. This value is
only slightly lower than the free energies of the structure I1 of

This journal is © The Royal Society of Chemistry 2025

the 3-isomer and 7-isomer found in our previous study.>® The
free energy of the first transition state TS12 of e-CL was found
to be 21.5 keal mol™ under vacuum and 22.3 kcal mol™" in
toluene. Both these values lie between the corresponding ener-
gies of the TS12 state of the 3-isomer and 7-isomer. This
finding indicates that initiation of the e-CL as well as 7-isomer
reaction will be easier than initiation of the 3-isomer one,
which is sterically disfavored by the propargyl group bound
next to the reactive carbonyl group. Transformation of the

Polym. Chem., 2025, 16,1217-1230 | 1221
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Scheme 1 Mechanism of the e-CL ROP catalyzed by BnOH/TBD (a similar scheme is also assumed for the ROP of 3- and 7-isomers; conformers 13r

and 13r2 of the structure I3 are omitted for clarity).

structure 12 into I3 proceeds with a small energy barrier of ca.
2 kecal mol™ and negligible reaction energy. Then, the struc-
ture I3 relaxes to its conformers I3r and 13r2. The free energy
of the last transition state TS34 is comparable to that of the
first transition state TS12. In toluene solution, the last tran-
sition state TS34 is the highest one in energy on the whole
reaction path. Thus, similarly to the 7-isomer,*® e-CL may
undergo several forward and reverse reactions between the
initial state I1 and the intermediate state 13r2 before crossing
the TS34 transition state. However, the energy difference
between the first transition state TS12 and the highest tran-
sition state on the whole reaction path is only ca. 0.3 kcal
mol ™" for e-CL (in toluene), while it is 1.1 kcal mol™" for the
7-isomer. Thus, we expect that the reverse reaction and its
impact on the polymerization rate are much less significant
for e-CL than for the 7-isomer which is in agreement with the
homopolymerization kinetic study (left, Fig. 2). Note that for e-
CL under vacuum, TS12 is the highest transition state. The
free energy of the 14 state is 4.2 kcal mol™" under vacuum and

1222 | Polym. Chem., 2025, 16, 1217-1230

7.5 kecal mol™ in toluene, respectively, ie. it is much lower
than that of the TS34 state. The exothermic reaction from the
14 state to the I5 state consists of straightening of the opened
e-CL ring after cleavage of the weak NH-O hydrogen bond. The
free energy of the final state I5 is —1.5 kcal mol™" under
vacuum and 1.2 kcal mol™" in toluene, respectively, with
respect to the ground state. Thus, the entire reaction from I1
to I5 is exothermic with a reaction energy of —3 to —4 kcal
mol~". It should be pointed out that in a solution, the hydro-
gen bond cleaved in the reaction 14 — I5 can be replaced by a
hydrogen bond to surrounding molecules, which further
decreases the reaction energy and disfavors the reverse reac-
tion I5 — I1. The complete set of the thermodynamic data
(Table S4at) and optimized Cartesian coordinates of all inter-
mediates and transition states (Table S51) are shown in the
ESLt

Subsequent step of the e-CL ROP within homopolymeriza-
tion and within copolymerization with the 3-or 7-isomer.
Calculations of the energy profiles of the next step of the

This journal is © The Royal Society of Chemistry 2025
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homopolymerization of e-CL and its copolymerization with the
3- or 7-isomer were performed in the same way but restricted
to toluene solution. The obtained results are presented in
Table S3bf and compared with our previous data calculated
for the polymerization of the 3- and 7-isomers.> It was found
that the free energy of the first transition state TS12 is the
highest one (rate limiting) on the whole reaction path for all
combinations of the types of the added isomer units (e-CL,
3-isomer, and 7-isomer) and the chain ends except for addition
of the 3-isomer unit to the chain ending with the 7-isomer
unit, for which the transition state TS23 is the highest one.
The energy barrier of the subsequent step of the e-CL
homopolymerization reaction (24.9 kcal mol™") is considerably
smaller than that of both other compounds (27.7 and 26.0 kcal
mol "), which agrees with the experimental finding that e-CL
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Fig. 4 Kinetic plot of the homopolymerization of e-CL and 3- and 7-
(prop-2-ynyl)oxepan-2-ones in toluene catalyzed by BnOH/TBD at
30 °C.
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homopolymerization is the fastest one (Fig. 4). It should be
noted that although the reverse reaction is possible in the
initial step of e-CL homopolymerization, its effect on the rate
of homopolymerization is less significant than for the
7-isomer (vide supra).

Regarding the copolymerization of e-CL with the 7-isomer,
the energy barrier of addition of a 7-isomer unit is lower than
that of addition of a e-CL unit for both the e-CL chain end
(24.2 vs. 24.9 kecal mol™") and 7-isomer chain end (26.0 vs.
26.3 keal mol ™), which explains the observed greater reactivity
of the 7-isomer in this copolymerization despite less reactivity
of this compound during homopolymerization (Fig. 2). The
same effect was previously observed in the copolymerization of
the 3-isomer with the 7-isomer.>® On the other hand, in the
copolymerization of e-CL with the 3-isomer, the reactivity of
the 3-isomer is expected to be lower than the reactivity of e-CL,
similarly to homopolymerization. The complete set of the
thermodynamic data (Table S4b?}) and the optimized Cartesian
coordinates of all intermediates and transition states
(Table S6t) are shown in the ESL}

To compare the obtained theoretical results with the
observed reaction rates of e-CL and the 7-isomer during homo-
polymerization (left, Fig. 2), we will describe the entire
observed ROP reaction simply as a 1* order reaction with a
single activation energy determined according to the Eyring-
Polanyi equation

ksT _act
k:KIj e KT, (1)

where k is the rate constant, AG* is the Gibbs energy of acti-
vation, kg is the Boltzmann constant, 7T is the temperature, % is
the Planck constant, and « is the transmission coefficient,
which is often taken as equal to one. The activation energy
values determined in this way are given in Table 3 together
with the Gibbs energies of the highest energy transition state
(see the bold values in Table S3%) in the initiation and sub-
sequent steps of the ROP reaction.

Table 3 Experimental rate constants k, corresponding Gibbs energies of activation Angp obtained from eqn (E1)} with the transmission coefficient
k taken as one and temperature T = 303 K, and the Gibbs energies of the highest energy transition state (see the bold values in Table S37}) in the
initiation (AG},) and subsequent (AG.,,) steps of the ROP reaction calculated by the PCM-B3LYP/6-311G(d) method. Note that there are two values
of AGfmt for subsequent steps of the copolymerization corresponding to the growth of the chain ending with e-CL of the 7-isomer unit,

respectively

(a) Homopolymerization

k(™ AG},, (keal mol™) AG: . (keal mol™) AGE,, (keal mol™?)

Toluene
e-CL 0.48 23.12 22.60 24.87
7-Isomer 0.25 23.51 22.70 25.96
(b) Copolymerization

k(™ AGE, (keal mol™) AG! . (keal mol™) AGtIlext(end:e—CL) (keal mol™) AGiext(end:%is) (keal mol™)
Toluene
e-CL 0.13 23.91 22.60 24.87 26.30
7-Isomer 0.38 23.26 22.70 24.16 25.96
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Table 4 Characterization of nanoparticles based on the light scattering

data The experimental values of the Gibbs energies of activation
AGEXp lie between the theoretical values for the initial step
Bntry  Myw“(10°gmol™)  Nagg“(-) R’ (nm)  pf(gem™)  AGi and for the subsequent steps AGh.. Since the weight of

ini

2a2 3.0 32 10 0.12 the subsequent steps in the polymerization is probably greater
2b2 6.3 41 14 0.08 than the initial one, theoretical values can be considered
2¢10 27.5 81 18 0.19 lichtl timated. Nevertheless. for absolute val f acti-
Nanoparticles with the encapsulated model drug CosBA s lg Y Overe.s 1mated. ) cvertheless, tor absolute values ot ac 1
P2a2 2.3 24 10 0.08 vation energies, such differences between the DFT and experi-
P2b2 12.8 83 17 0.11 mental results are fully acceptable.
P2c10 66.2 196 21 0.28

¢ To compare the rate constants of both compounds &-CL
“ Determined by SLS. ? Determined by DLS. € p = 3M,,/(4nTNARp%). and the 7-isomer, we assume the same value of the trans-
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mission coefficient ¥ and the same temperature 7. Then, eqn
(1) can be rewritten as

k AGE (74is)-AGE (L)
L _e RT . (2)

k7-is

We see that the experimental value of the ratio of rate con-
stants kci/k;.s is about 1.9, lying between the theoretical
values for the initial step 1.2 and for the subsequent steps 6.1,
determined from the DFT-calculated activation energies
(Table 3) using eqn (2).

The experimental (right, Fig. 2) and theoretical (Table S37)
results obtained for copolymerization of e-CL and the 7-isomer
can be compared in the same way. The experimental activation
energies Angp lie again between the theoretical values for the
initial and subsequent steps. The experimental value of the
ratio kcp/ks.is is about 0.34. While the theoretical value of this
ratio for the initial step is essentially the same as for the
homopolymerization (i.e., 1.2), the more important values
calculated for the subsequent steps are 0.57 and 0.31, depend-
ing on the type of chain end. Since both values are signifi-
cantly less than one, we conclude that the quantum chemical
calculations support the experimentally observed reverse reac-
tivity of e-CL and the 7-isomer during their homo- and
copolymerization.

Nanoparticle self-assembly and characterization

Amphiphilic diblock copolymers self-assemble into micellar
aggregates of different morphologies, which are primarily dic-
tated by the ratio between the solvophilic and solvophobic
domains and by its effect on chain packing within the aggre-
gate.®® It has been established that the preparation method

View Article Online
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affects the size, its distribution and the stability of poly(ethyl-
ene glycol)-b-poly(e-caprolactone) nanoparticles.’’ Thus, the
previously published protocol allowing the formation of well-
defined and stable nanoparticles, based on injecting of PEG-b-
PCL solutions in a 90% THF/water mixture into an excess
amount of water and dialysis to water, was adopted.®*

Light scattering (LS) is a powerful technique for analyzing
nanoparticles in solution.®® Static light scattering (SLS), utiliz-
ing the angle-independent scattering data enabled the deter-
mination of the molecular weight of nanoparticles (Fig. 5A
and Table 4), however, it did not provide information on the
radius of gyration, as the size of nanoparticles is below the
limit of /20 (1 = 660 nm as described in the Methods section
in the ESIf). To assess how many polymer chains comprise
one nanoparticle, we determined the aggregation number Nogg
by dividing the molar mass of a nanoparticle by the molar
mass of an unimer.

The scaling of the mean aggregation number was predicted
for diblock copolymers A-B (A represents corona) that form
micelles with thin dense coronas (Ng > N,) and for star-like
micelles with extended coronas (N < N,).®*®* Fitting a plot of
log Nage as a function of the logarithm of the number of PCL
units (Ncp) (B, Fig. 5) yielded the scaling relation Nuge & Nci/
where u = 0.59. Our experimental scaling exponent was lower
than those determined theoretically for either micellar type (u
= 1.0 for micelles with thin coronas and u = 0.8 for micelles
with extended coronas).®® The discrepancy between our experi-
ments and theory could be explained by the fact that only
sample 2¢10 (Table 2) fits to the theoretical condition N >
N,. Moreover, our hydrophobic (B) block does not consist of
one type of monomer unit, which is in contrast with the
theoretical data.®?

Fig. 6 Sample 2b2 visualized by TEM with negative uranyl acetate staining (left) and cryo-TEM (right, the inset shows the histogram of micelle size

distribution).

This journal is © The Royal Society of Chemistry 2025
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The apparent size distributions of nanoparticles 2a2, 2b2,
and 2¢10 calculated from the dynamic light scattering (DLS)
data measured at a finite scattering angle 90° were unimodal
and very narrow (C, Fig. 5). The only exception was sample 2a2;
however, the second distribution is minor, as it is intensity
weighted (C, Fig. 5). Their hydrodynamic radii were rather small
(in agreement with the angle-independent scattering observed
in SLS), increasing slightly with the length of the hydrophobic
block (Table 4). The average nanoparticle density was deter-
mined according to the following relationship: p = 3M,/
(4nNARy?), where M, stands for the molar mass of the nano-
particles determined by SLS, Ry, stands for the corresponding
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hydrodynamic radius of the nanoparticles, and N, is the
Avogadro number. The average densities of the nanoparticles
were relatively low. Small hydrodynamic radii accompanied by
low aggregation numbers indicate the formation of “fluffy”
solvent-swollen nanoparticles. It can be concluded that 2a2,
2b2, and 2¢10 formed small spherical micelles.

In light scattering, particle size and shape are determined
indirectly. Thus, we visualized the prepared nanoparticles for
direct and unambiguous size and shape determination via
transmission electron microscopy (TEM). We performed TEM
using negative staining with uranyl acetate to improve the
TEM contrast®® and we also performed cryo-TEM. Both of
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Fig. 7 DOSY (A and B) and H (C) NMR monitoring of CosBA encapsulation, and a simplified scheme of the interaction between polymer 2a2,

CosBA and glycerol (D).
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these techniques depicted small, well-dispersed, and homo-
geneous spherical micelles of sample 2b2 (Fig. 6) with a micel-
lar core of about 7 nm in diameter (as observed in cryo-TEM),
shrinked to approximately 4 nm when the sample was dried
(classical TEM). The value obtained from cryo-TEM is in a
good agreement with the hydrodynamic radius determined by
DLS (Ry = 14 nm, Table 4), as it corresponds to the whole
core-shell nanoparticle, while the PEG hydrophilic corona
cannot be visualized by TEM techniques, as soft materials
with low atomic numbers do not deflect electron beam
sufficiently and exhibit poor scattering contrast.®®°”

Encapsulation of the model drug

As the results of the self-assembly investigation were promising,
we further studied the encapsulation of a novel redox probe,
COSAN-pyridinium-3-boronic acid conjugate (CosBA). As high-
lighted in the Introduction section, both boron clusters and
boronic acids are highly relevant for cancer therapy. In the
model drug, the high boron content of a boron cluster required
for BNCT is combined with pH-responsive binding to 1,2- and
1,3-diols characteristic of boronic acids. Thus, together with the
vicinal diol-containing polymeric DDS, significant uptake in
normal tissues and adsorption to plasma proteins could be
avoided while achieving microenvironment-triggered release.

A solution of polymer 2a2, the redox probe CosBA and pyri-
dine in dry acetonitrile-d; was prepared and analyzed using "H
and DOSY NMR in order to investigate the CosBA binding to
the diol-decorated polymer. Pyridine was added as a ligand
that facilitates the formation of boronic acid ester.®® DOSY
signals of the polymer and CosBA were integrated manually for
each experiment and fitted with the exponential decay of
signal intensities, demonstrating that CosBA is attached to
polymer 2a2 (A, Fig. 7).

Furthermore, we added glycerol (20 eq. with respect to
CosBA) to the solution of the polymer and CosBA. Glycerol has
a higher binding affinity towards CosBA in comparison with
the diol-decorated polymer,*' resulting in CosBA release from
the polymer, as visualized in Fig. 7B. This process was also
monitored by "H NMR (C, Fig. 7), showing the disappearance/
shift of the characteristic CosBA signal at 4.66 ppm when
attached to the polymer (black and red curves, Fig. 7). The
same signal was observed again after the addition of glycerol
(blue curve, Fig. 7C).

Finally, we studied how the encapsulation of CosBA affects
the nanoparticle characteristics. We dissolved 2a2, 2b2, and
2¢10 (1 eq.) and CosBA (0.7, 0.5 and 0.4 eq. per diol-modified
e-CL unit respectively) in THF and then proceeded according
to the previously used protocol to prepare nanoparticle solu-
tions (Experimental section). The THF/water solutions contain-
ing CosBA were intensively yellow. During the dialysis, the dia-
lysate remained colorless while the sample inside the dialysis
membrane retained its yellow color. No precipitation occurred
when the solvent was gradually changed from THF-rich to de-
ionized water and for at least two weeks after the nanoparticle
preparation. These observations visually confirmed the encap-
sulation of CosBA into polymeric micelles as the small mole-

This journal is © The Royal Society of Chemistry 2025
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cules did not diffuse through the porous membrane or precipi-
tate due to its limited solubility.

The SLS and DLS experiments of the loaded nanoparticles
are summarized in Table 4. Apparent distributions of hydro-
dynamic radii at 130° were calculated from the corresponding
autocorrelation functions (Fig. S47).

The dispersity of loaded nanoparticles is higher in compari-
son with neat ones (C, Fig. 5 vs. Fig. S4t) and, interestingly,
significantly decreases with nanoparticle size (Fig. S41). We
observed virtually no effect of drug loading on the smallest
micelles (P2a2, Table 4); however, the asymmetric shape of the
distribution curve indicates the presence of a particle fraction
with larger hydrodynamic radii, unresolved by the applied fit
(size ratio below 2 is beyond the resolution of DLS).®
Conversely, loading with CosBA significantly affects the other
samples. Regarding P2b2 and P2¢10, CosBA incorporation
results in approximately 20% and 100% increase of hydrodyn-
amic radii and the molecular weight with the corresponding
aggregation number, respectively. The growth of the micelle
does not compensate fully the increase in the number of
chains; consequently, the micellar density also increases by
approximately 50% (Table 4).

Conclusion

In conclusion, we prepared diblock copolymers mPEG-b-P(e-
CL-co-PgCL) bearing vicinal diols by the copolymerization of e-
CL with PgCL, followed by the transformation of alkyne moi-
eties via a thiol-yne click reaction with 1-thioglycerol.
Additionally, we studied the kinetic profile of the copolymeri-
zation of e-CL and 7-(prop-2-ynyl)-oxepan-2-one, showing the
higher reactivity of the 7-isomer in this comonomer couple
which was further verified by quantum chemical calculations.

The synthesized amphiphilic diblock copolymers mPEG-b-P
(e-CL-co-PgCL) decorated with vicinal diols allowed the prepa-
ration of self-assembled nanoparticles in water, which were
characterized by static and dynamic light scattering. The for-
mation of small, homogeneous spherical micelles was visual-
ized by using conventional and cryogenic transmission elec-
tron microscopy.

Finally, we encapsulated a newly synthesized model drug,
COSAN-pyridinium-3-boronic acid conjugate, into spherical
micelles and investigated the effect of drug loading on these
particles. The interplay between the model drug and our
diblock copolymer was observed by DOSY NMR and light scat-
tering methods. Ultimately, these findings will lead to the
reproducible preparation of fine-tuned amphiphilic block
copolymers capable of binding to boronic acid-based anti-
cancer agents.
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