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ABSTRACT: Herein, we present a versatile platform for the synthesis of pH-responsive poly([N-(2-hydroxypropyl)]-
methacrylamide)-b-poly[2-(diisopropylamino)ethyl methacrylate] diblock copolymer (PHPMA-b-PDPA) nanoparticles (NPs)
obtained via microwave-assisted reversible addition—fragmentation chain transfer polymerization-induced self-assembly (MWI-
PISA). The N-(2-hydroxypropyl) methacrylamide (HPMA) monomer was first polymerized to obtain a macrochain transfer agent
with polymerization degrees (DPs) of 23 and 51. Subsequently, using mCTA and 2-(diisopropylamino)ethyl methacrylate (DPA) as
monomers, we successfully conducted MWI-PISA emulsion polymerization in aqueous solution with a solid content of 10 wt %. The
NPs were obtained with high monomer conversion and polymerization rates. The resulting diblock copolymer NPs were analyzed by
dynamic light scattering (DLS) and cryogenic-transmission electron microscopy (cryo-TEM). cryo-TEM studies reveal the presence
of only NPs with spherical morphology such as micelles and polymer vesicles known as polymersomes. Under the selected
conditions, we were able to fine-tune the morphology from micelles to polymersomes, which may attract considerable attention in
the drug-delivery field. The capability for drug encapsulation using the obtained in situ pH-responsive NPs, the polymersomes based
on PHPMA,;-b-PDPA, and the micelles based on PHPMA;;-b-PDPA |, was demonstrated using the hydrophobic agent and
fluorescent dye as Nile red (NR). In addition, the NP disassembly in slightly acidic environments enables fast NR release.

B INTRODUCTION
Amphiphilic block copolymers self-assembled into highly

polymerization process, a strategy that is hindered due to
very low concentrations of polymers (~1 wt %).°~°

organized nanoscale structures in an aqueous milieu have
attracted considerable attention for decades.'”* Such nano-
particles (NPs) have been widely investigated both exper-
imentally and theoretically owing to many potential
applications. From a thermodynamic point of view, favored
structures of various morphologies in solution strongly depend
on changes in the solvent selectivity or the insoluble-to-soluble
block length ratio.” Furthermore, by thoroughly changing
different variables, including the monomer concentration,
degree of polymerization, and solvent composition, a diversity
of morphologies, such as spheres, worms, vesicles, lamellae, or
sunflowers, can be obtained. However, these NPs are prepared
by the self-assembly of block copolymers via a post-
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Over the past decade, increasing attention has been given to
the development and use of polymerization-induced self-
assembly (PISA) as an efficient technique for the preparation
of block copolymer nanoassemblies.””"" In contrast to
conventional assembly processes, PISA allows the in situ
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Figure 1. 'H NMR spectra recorded in D,0 + 10 uL DCI (left) and conversion vs time course (red circles) corresponding to the semi-logarithmic
plot (black squares) during the MWI-PISA polymerization of PHPMA,;-b-PDPA;, (right).

production of NPs in a one-pot approach at high solid
concentrations (up to SO wt %),12_14 without recourse to any
additional purification steps with tunable size, morphology,
and functionality.'””~"” The process consists of a soluble
polymer in an appropriate solvent becoming insoluble after
chain extension by the polymerization of a second monomer.
This contributes to the spontaneous self-assembly of sterically
stabilized NPs, where the diverse size and morphology strongly
depend on the relative volume ratio of each block and on the
solid content."*"”

Various types of controlled/living radical polymerization
techniques have been utilized to conduct the PISA
method.”** Reversible addition—fragmentation chain trans-
fer (RAFT) has proven to be the most successful and powerful
platform for PISA syntheses.””~>> Furthermore, using either
emulsion or dispersion polymerization, the RAFT-mediated
PISA technique can be accomplished in a wide range of
monomers and various reaction media such as organic polar
solvents (e.g., lower alcohols such as methanol or ethanol) 2627
organic nonpolar solvents (typically n-alkanes),”* > and
especially water.

Extensive studies have been initially performed on RAFT
aqueous emulsion polymerization using water-immiscible
monomers such as n-butyl acrylate, methyl methacrylate, or
styrene.”' *° Later, however, it was found that this synthetic
technique in many cases leads only to the formation of
spherical NPs, rather than the full range of copolymer
morphologies.’*** However, despite the limitations, recently,
Armes and co-workers®” have successfully synthesized diblock
copolymer spheres, worms, and vesicles via RAFT aqueous
emulsion polymerization based on hydroxybutyl methacrylate.

The RAFT dispersion polymerization (RAFTDP) success-
fully produces particles of variable and complex morphology,
including spheres, worms, and vesicles’®**™** displaying
uniform physico-chemical properties. Detailed studies on
RAFTDP-PISA, especially in aqueous media, have been
performed**™*® using various macro-RAFT agents includin§
poly(glycerol monomethacrylate),”” poly(ethylene glycol),”
poly(2-(dimethylamino) ethyl methacrylate),” poly(amino
acid methacrylate),” and others.

We aim to explore the microwave irradiation-PISA (MWI-
PISA) approach for the in situ preparation of nanomaterials
assembled from pH-sensitive poly([N-(2-hydroxypropyl)]-
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methacrylamide)-b-poly[2-(diisopropylamino)ethyl methacry-
late] block copolymers (PHPMA,,-b-PDPA,,) (Figure 1). The
obtained assemblies may find applications in biomedical fields.
It is well known that PHPMA has been extensively investigated
as a hydrophilic component because it is a water-soluble,
nontoxic, nonimmunogenic, and biocompatible polymer.**~**
PHPMA-based polymers have been widely used in drug- and
gene-delivery vehicles or as NPs to carry drugs, for surface
modification of NPs, polymer—biomolecule conjugation, and
bioimaging.”' ~>* The tertiary amine group of the DPA
monomer allows to control the extent of positive charge via
protonation that is dictated by the pH changes, for example,
via the addition of HCI to attain pH values below its pK, ~
6.2—6.3, where DPA becomes hydrophilic.>>*® This property
renders pH-sensitive NPs based on PDPA attractive for tumor-
targeting drug delivery with the capability of encapsulating
guest drug molecules.”">

It should be noted that there is only one reported microwave
irradiation evaluation on the synthesis of soft matter nano-
objects via PISA-RAFTDP using methanol as a solvent and
poly[oligo(ethylene glycol) methyl ether methacrylate] as a
macroinitiator.”” In addition, this study examines in detail the
comparison of microwave-assisted synthesis with conventional
heating one in RAFTDP-PISA formulations, where it was
proved that the MWI method could be successfully applied to
PISA nano-objects.

Indeed, the microwave irradiation (MWI) has emerged as a
powerful technique offering simple, clean, fast, efficient, and
economical method for the synthesis of a large number of
biologically active molecules for organic synthesis, inorganic
synthesis, material science, polymer chemistry, and other
disciplines. The preparation of block copolymers via MWI
using different polymerization techniques is well-studied and
increasingly used and is rarely reported for PISA. Recently, in
our previously published work, we clearly demonstrated the
MWI technique as a rapid and useful tool for the synthesis of
PHPMA-mCTA and its copolymers.>®

To the best of our knowledge, this is the first very
straightforward strategy to obtain pH-responsive highly
monodisperse nanoparticles implemented by RAFT aqueous
polymerization of DPA using PHPMA-mCTA with calibrated
degrees of polymerization (DP) of 23 and 51, respectively, via
the combination of the MWI method with the PISA technique.

https://doi.org/10.1021/acsomega.2c04036
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Such an efficient, aqueous MWI-PISA method to produce
uniform spherical NPs with controlled morphologies at solid
contents up to 10% w/w represents important progress in the
nano-field. Furthermore, to demonstrate the potential
application of such nanotechnology-based polymerization
approach in cancer therapies, where a low local pH is
commonly found, a lipophilic stain (such as Nile red) was
used as a drug model. The resulting nano-objects and structure
were characterized in detail by cryogenic-transmission electron
microscopy (cryo-TEM), small-angle X-ray scattering (SAXS),
dynamic light scattering (DLS), and static light scattering
(SLS) techniques. Besides, the obtaining NPs are below the
renal threshold while their size fits well the requirements for
drug-delivery purposes.

B EXPERIMENTAL SECTION

Materials. The monomer N-(2-hydroxypropyl)-
methacrylamide (HPMA) (Scheme S1 and Figure S1) was
synthesized according to a previous study,” and 4-cyano-4-
(((ethylthio)carbonothioyl)thio)pentanoic acid was synthe-
sized as reported earlier” (Scheme S2 and Figure S2).

Chemicals: 1-amino-2-propanol (93%), methacryloyl chlor-
ide (>97.0%, distilled under an argon atmosphere), sodium
hydride (NaH, 60% dispersion in mineral oil), ethanethiol
(BtSH, 97%), carbon disulfide (CS, anhydrous, >99%),
triethylamine (Et;N, >99.5%), 4,4’-azobis(4-cyanovaleric
acid) (V-501, >98%), 2-(diisopropylamino)ethyl methacrylate
(97%, distilled under an argon atmosphere), and Nile red
(NR) BioReagent, >97.0% (HPLC) were purchased from
Sigma-Aldrich Ltd. (Czech Republic). Solvents (all purchased
from Sigma-Aldrich Ltd. (Czech Republic): dichloromethane
(CH,Cl,, anhydrous >99.8%) was dried by refluxing over a
benzophenone-sodium complex and distilled under an argon
atmosphere. Other solvents including diethyl ether (Et,O,
>99.7%), dimethyl sulfoxide (DMSO, >99.5%), and tert-
butanol (tert-BuOH, >99.5%) were used as received.

Synthesis of PHPMA-mCTA via MWI (Scheme 1, (1)).
The RAFT polymerization of HPMA was performed in the
Biotage Initator + Microwave System with Robot Sixty using a
Biotage high-precision MW glass vial (10—20 mL) and
conducted with a laboratory MW reactor. The MW instrument
was set to a normal absorption level with a prestirring step of
60 s. A typical procedure for the polymerization was as follows:
first, a monomer HPMA (1.0 g 125 X 107* mol) was
dissolved in tert-BuOH (5 mL) and placed in vials equipped
with a magnetic stirring bar. Then, CTA (58 mg in the case of
DP 21 and 32.9 mg in the case of DP 51) and initiator V-501
(40 mg in the case of DP 23 and 17.5 mg in the case of DP S1)
([CTA]/[1] 1/0.2) (CTA/I molar ratio = S based on the
reaction conditions established in our previous study toward
obtaining macrochain transfer agents with the lowest
dispersity)™® were dissolved in 50 uL of dimethylsulfoxide
(DMSO) and then transferred to the monomer solution. The
vial was sealed and deoxygenated for 30 min using argon
purging. Afterward, the vial was placed in the cavity of the MW
instrument, and the temperature was set to 75 °C, with a
reaction time of 3 h. Then, the polymerization was stopped by
ceasing MWI, removing the vial from the instrument and
rapidly quenching in liquid nitrogen and analyzed by 'H NMR
spectroscopy. The remaining fraction of the sample solution
was precipitated into cold acetone or an acetone/ether mixture
3/1 (v/v) for molecular weight analysis.

PISA Synthesis of PHPMA,-b-PDPA, NPs via MWI
(Scheme 1, (2)). MWI-PISA RAFT polymerization at 10% w/
w solids in aqueous solution was carried out as follows: in a vial
(2 mL) equipped with a magnetic stirrer, PHPMA-mCTA (20
mg) was dissolved in water. Afterward, water-immiscible 2-
(diisopropylamino)ethyl methacrylate (DPA) and the initiator
V-501 (0.5 mol-L™}, related to PHPMA-mCTA, where 0.18 mg
was used for DP 23 and 0.19 mg for DP 51)) ([CTA]/[I] 1/
0.5) were added to the aqueous solution. In case of PHPMA,,-
mCTA, the amount of the DPA monomer was (at DP 50 22
uL, DP 75 33 pL, and DP 100 44 pL). In case of PHPMA,-
mCTA, the amount of the DPA monomer was (at DP 50 23.22
uL, DP 75 34 uL, and DP 100 45 uL). The glass vial was
sealed and then purged with argon for 30 min. Next, the
reaction vial was placed in the cavity of the MW instrument,
and the temperature was programmed to 75 °C. After S h, the
polymerization was stopped with a quenching step using liquid
nitrogen. The monomer conversions in case of PHPMA,;-b-
PDPAy, and the structure of block copolymers from in situ
obtained NPs were confirmed by 'H NMR spectroscopy.
Furthermore, the resulting NPs were analyzed by cryo-TEM
and DLS, as well.

PISA Synthesis of PHPMA-b-PDPA; NPs via MWI. NR,
a polarity-sensitive hydrophobic dye, was selected as the model
drug and it was encapsulated via MWI-PISA RAFT polymer-
ization at 10% w/w solids in water. The NPs were synthesized
targeting DP 100 of the hydrophobic core. NR was dissolved in
the monomer (DPA) and PHPMA-mCTAs with DP 23 and S1
chosen. In a typical experiment, PHPMA-mCTA (20 mg) was
dissolved in deionized water under stirring for 10 min in the
MW vial, and then, the initiator V-501 (0.22 mg) was added.
After that, the hydrophobic monomer DPA (51 uL) with NR
(500 ug) was added. The vial was sealed and degassed for 30
min under argon flow being subsequently immersed in the
cavity of the MW instrument. The temperature was set to 75
°C, with a reaction time of 5 h. The resulting PHPMA-b-
PDPAyg NPs were purified using the G50 column in PBS (pH
7.4) to remove unloaded NR and then analyzed by DLS, high-
performance liquid chromatography (HPLC), and cryo-TEM.

NR Encapsulation Efficiency and Release. The NR
content and NR release from the NPs was measured by HPLC
(Ultimate 3000 HPLC, Thermo Fisher Scientific) using a
reverse-phase column Chromolith Performance RP-18e (100
X 4.6 mm, eluent water—acetonitrile with acetonitrile gradient
0—100 vol %, flow rate = 2.0 mL-min~"). The analytical curve
with a linear response in the range 0.001—0.1 mg-mL™" was
recorded using a fluorescence detector and used to determine
the NR-loaded content. The drug-loading content (LC) and
the drug-loading efficiency (LE) were calculated by using the
following equations:
drug amount in nanoparticles

X 100
mass of nanoparticles (1)

LC(%) =

drug amount in nanoparticles

LE (%) = X 100

drug amount used for encapsulation

)

The LC and LE of NR were determined by HPLC. The NR
quantification was determined according to the calibration
curve with a linear response in the range 0.001—0.5 mg-mL™".
The values were calculated using the standard eqs 1 and 2. The
NR cumulative release was evaluated using the dialysis method
in PBS buffer at pH 7.4 and in acetate buffer at pH 4. A
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Scheme 1. General Outline for the PISA Synthesis of PHPMA-b-PDPA Block Copolymers, and Their Associated Nanoparticles

under MWI Conditions
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Table 1. Macromolecular Characteristics of the PHPMA-mCTAs

entry sample DP M, (theor.) (moL™") M,,” (SEC) (g moL™") b, (SEC)
1 PHPMA-mCTA 23 3200 3890 1.15
2 PHPMA-mCTA S1 7400 7650 1.05
M, = [M],/[1], X conv. X Mypyia + Mwcra (ESIL, Figure S3). M, value (Supplementary Materials, Figure S4). °P value (Supplementary

Materials, Figure S4).

preswollen cellulose dialysis membrane tube with MWCO
3.5—5 kDa (Spectra-Por Float-A-Lyzer G2) was filled with 2.0
mL of NR-loaded NPs at § mg'mL_l. The membrane tube was
then immersed into 3 L of the buffers at 37 °C under stirring
(500 rpm). At predetermined times, 10 uL of the NR-loaded
NPs was taken from the membrane tube and diluted into 90
#L of DMSO to determine the amount of remaining NR, as
measured by HPLC.

B RESULTS AND DISCUSSION

To obtain higher-ordered morphologies, such as micelles or
polymersomes, shorter macro-RAFT agents were used. Thus,
well-defined PHPMA-mCTAs were successfully synthesized by
RAFT via MWI using 4-cyano-4-(((ethylthio)carbonothioyl)-
thio)pentanoic acid as CTA (Scheme 1, (1)). The polymer-
ization was performed according to our previously reported
literature protocol’® using an MW reactor at 75 °C with 4,4'-
azobis(4-cyanovaleric acid) (V-501) as the initiator.

The chemical structure, molecular weight, and dispersity of
the obtained PHPMA-mCTAs were analyzed by 'H NMR
spectroscopy and size exclusion chromatography (SEC) (see
ESI, Figures S3 and S4). "H NMR measurement confirmed the
successful preparation of PHPMA-mCTA, as shown in Figure
S3, ESIL The obtained PHPMA,-mCTAs have a DP of 23 and
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51, calculated from the monomer conversion (molecular
weight of PHPMA-mCTA was not calculated by '"H NMR,
because the signals assigned to the end group of the
macroinitiator with a higher DP were not visible in the
spectrum), and the macro-RAFT agents are denoted as
PHPMA,;-mCTA and PHPMA;,-mCTA, respectively. SEC
chromatograms of both PHPMA-mCTAs are indicated by the
overlap of the SEC traces and demonstrated monomodal
distribution (see Figure S4, in ESI). The macromolecular
characteristics of the PHPMA-mCTAs are listed in Table 1.
To assess the efficiency of the MWI-PISA formulation of
DPA in aqueous media, water-soluble PHPMA-mCTA was
used (Scheme 1). DPA has poor solubility in water under
neutral and basic conditions, which leads to the in situ
formation and self-assembly of the PDPA block by emulsion
polymerization. First, to determine the reaction time and
monomer conversion during MWI-PISA polymerization, a
kinetic study was conducted. The kinetics of reactions
targeting a mean DP of 50 for the core-forming PDPA block
(PHPMA,;-b-PDPA,,) at 10% w/w solids in water were
monitored, see Figure 1. Therefore, at different time points, the
polymerization was stopped by ceasing MWI, removing the vial
from the instrument and rapidly quenching in liquid nitrogen.

https://doi.org/10.1021/acsomega.2c04036
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Table 2. Summary of Final DPA Monomer Conversions, Intensity-Average DLS Particle Diameter, and Cryo-TEM
Morphologies Obtained for PHPMA, -b-PDPA,, Diblock Copolymer Nanoparticles after S H MWI-PISA in Water

n target composition [M],/[CTA],/[I], conv. (%)* Mn ("HNMR)”  Dy/nm, (PDI)" morph.d D/nm* wt (%) PHPMA”
1 PHPMA,;b-PDPA,  50/1/0.5 85 13,100 60 (0.09) M 40 24
2 PHPMA, b-PDPA,,  75/1/05 92 18,700 65 (0.185) M+DPSs 50 17
3 PHPMA,-b-PDPA,,  100/1/0.5 80 21,000 123 (0.05) PSs 100 15
1 PHPMA,-b-PDPA,  50/1/05 88 17,400 59 (0.094) M 30 )
2 PHPMA,-b-PDPA,,  75/1/0.5 87 21,900 165 (0.073) M 90-160 34
3 DPHPMA,-b-PDPA,,,  100/1/0.5 81 24,400 183 (0.11) M 130 30

“Conversion determined by 'H NMR spectroscopy. ®M, determined by 'H NMR. “Hydrodynamic diameter and dispersity from DLS.
“Nanoparticle morphology from cryo-TEM (M = micelles and PSs = polymersomes). “Particle diameter from cryo-TEM. /Weight fraction of

PHPMA calculated based on '"H NMR.

Figure 2. Cryo-TEM images of PHPMA,;-b-PDPA;, (A), PHPMA,;-b-PDPA,, (B), and PHPMA,;-b-PDPA,, (C) nanoparticles formed in water

at 10% w/w solids under MWI conditions.

An aliquot of the sample solution (20 pL) was immediately
analyzed by '"H NMR spectroscopy (Figure 1 left).

The 'H NMR kinetic study was conducted to investigate the
monomer conversion as well as the polymerization rate over
time caused by partitioning of the unreacted monomer within
the growing NPs. Figure 1, left, shows the kinetic data obtained
for the synthesis of the PHPMA,;-b-PDPAy, diblock
copolymer via aqueous RAFT polymerization at 10% w/w
solids, 75 °C and utilizing a CTA/initiator molar ratio of 2.0
(based in conditions stablished in our previous study toward
obtaining the PHPMA-b-PDPA block with the highest
conversion).”’ The monomer conversion was calculated by
comparing the integrals of the remaining vinyl signals of DPA
at 5.5 and 6.0 ppm with methylene signals (CH,), of the DPA
monomer and polymer. It is well known that PDPA is
insoluble in deuterated water, which implies the absence of an
NMR signal for PDPA. Therefore, 10 uL of deuterated
hydrochloric acid (DCI) was added to protonate insoluble
PDPA, making its signals visible. As shown in Figure 1, left, a
series of spectra recorded at various stages of MWI-PISA
polymerization demonstrated visible signals of the DPA
monomer at approximately 5.5 and 6.0 ppm up to a monomer
conversion of ~38% in the first hour. At higher conversions,
these signals are still visible; however, they become weaker and
disappear at higher conversions of ~85% (4 h, Figure 1 left).
According to a previous hypothesis, along PISA polymer-
ization, unreacted monomers solvate the core-forming
chains,®> increasing the polymerization rate; however, we
observed a plateau at the 4—5 h (Figure 1 left) time course of
polymerization.

Examining the kinetic plots of In([M],/[M],) (Figure 1
right), a clear increase in the rate of polymerization over time

is observed. The plot was linear until the fourth hour from the
beginning of PISA polymerization, after which a plateau was
reached (Figure 1 right). After 4 h of polymerization, almost
complete monomer conversion (~85%) was achieved. These
data showed that the MWI-PISA aqueous RAFT polymer-
ization proceeded with reasonably good control, achieving high
conversion (~85%) within a short period of time (4 h). To
ensure efficient RAFT control, the molar ratio between the
macro-RAFT agent and PDPA DP, was varied (n = 50, 75, and
100) at 10% w/w solids in all aqueous MWI-PISA
formulations. It can be clearly seen that the increase in the
targeted DP of PDPA leads to no significant increase in
conversion, see Table 2. This occurs probably due to the
“nanoprecipitation” nature of polymerization, where suffi-
ciently long growing PDPA chain precipitates and forms the
nanoparticle core, which significantly reduces its reactivity
toward further polymerization.*”

It is well described that targeting different DPs of the
corresponding hydrophobic block influence the morphology of
the obtained NPs. Hence, the morphology of the obtained
PISA formulations in water was characterized by cryo-
transmission electron microscopy (cryo-TEM), and the
particle size was characterized by DLS. A small amount was
diluted with water to approximately 1 mg:-mL™" (for cryo-
TEM) and 0.1 mg-mL™" (for DLS). According to the DLS
data, with an increase in the DP of the DPA monomer, the
mean particle diameter increased consistently with the
theoretical expectation of the increase in the NP core size.
The same trend was observed in the cryo-TEM measurements.
In all cases, spherical NPs were obtained, with diameters
generally in agreement with DLS; in addition, micelle-to-
vesicle morphological transitions of the NPs can be observed in
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Figure 3. Cryo-TEM images of the PHPMA,-b-PDPA;, (A), PHPMA,-b-PDPA., (B), and PHPMA,-b-PDPA o, (C) nanoparticles formed in

water at 10% w/w solids under MWI conditions.

case with the use of relatively short PHPMA-mCTA (DP 23).
The resultant cryo-TEM morphologies for all copolymer NPs
are illustrated in Figures 2 and 3, respectively. The
corresponding DLS particle size distributions are shown in
Figures SS and S7 (see the Supporting Information section).
Physicochemical characteristics of NP formulations are listed
in Table 2.

The TEM image of PHPMA,;-b-PDPA,, (Figure 2A)
demonstrates uniform and well-defined NPs with spherical
shapes with a DLS-measured hydrodynamic diameter of 60 nm
and polydispersity = 0.09 (Figure SS, in the Supporting
Information section), Table 2. As shown in Figure 2B, among
PHPMA,;-b-PDPA,; nano-objects, a predominant micelle
phase is observed, although a small population of polymer-
somes was found as well (see arrows in Figure S6, Supporting
Information section). For PHPMA,;-b-PDPA., DLS analysis
indicated that the larger diameter is about 65 nm and relatively
broad particle size distributions (PDI = 0.185) (Figure SS, in
Supporting Information section); see Table 2. The obtained
results could be accepted as evidence of the presence of
micelles/polymersomes mixtures. Order—order transitions
from micelles to polymersomes states were found for
PHPMA,;-b-PDPA o, with increasing DP of DPA. The
resulting formation of higher order morphologies was favored,
and a clear transition from micellar spheres to polymersomes
was obtained (Figure 2C). DLS intensity-average diameter is
about 123 nm with a relatively narrow particle size distribution
(PDI = 0.05), Figure SS (see the Supporting Information
section), Table 2. It might be hypothesized that the incomplete
conversion (~85%) could be another factor allowing the
formation of polymersomes. This could occur due to the well-
known mechanism of emulsion polymerization®® because the
residual monomer could act as a cosolvent (analogous to
dispersion polymerization conditions), swelling the growing
particles and allowing particle morphology evolution. How-
ever, detailed experiments should be performed in order to
clarify this hypothesis.

Furthermore, a comprehensive study using PHPMA-mCTA
with DP = 51 and the same DPs for the DPA monomer (n =
50, 75, and 100) was performed. Conversion of the obtained
NPs via MWI-PISA polymerization was determined by 'H
NMR spectroscopy to be quite high (see Table 2). The
resulting PHPMA,,-b-PDPA,, diblock copolymers assemblies
exhibited a linear increase in the number-average molecular
weight (M,) with monomer conversion.

For more accurate copolymer morphology assignments,
cryo-TEM (Figure 3) and DLS studies (Figure S7, ESI) were
also performed. Typical cryo-TEM images obtained for the
PISA formulation PHPMA,-b-PDPA,, (n = S0, 75, and 100)
are shown in Figure 3A, B, and C. The cryo-TEM illustrations
for all cases clearly demonstrate the presence of uniform and
well-defined spherically assembled micelles. The copolymer
assemblies with DP100 was predicted to have vesicle phases
because of the weight-fraction ratio of the of hydrophobic and
hydrophilic blocks (Table 2, discussed hereafter); however,
such morphology was not observed. Of note, the DLS result
shows that the hydrodynamic diameter (Dy) of all above-
mentioned assemblies increases with increasing DP of DPA
with a narrow size distribution (see Figure S7, Supporting
Information section and Table 2).

The self-assembly process is controlled by the length of the
amphighile blocks as an order parameter in phase transi-
tions:*¥®® changing the order parameter changes the
cooperative properties of the self-assembled objects/structures.
In this way, it is well known that the resulting morphology of
self-assembling structures from block copolymers in solutions
is dictated by the relative weight-fraction of hydrophobic and
hydrophilic blocks. Hydrophilic weight fractions between 25
and 40% favored the formation of vesicles, between 40 and
50% the formation of cylinders or worms, and higher than 50%
the formation of micelles.”®” These fractions agreed
reasonably well for the assemblies prepared from the lower
PHPMA block, PHPMA,; (exception for the shorter PDPA)
(Table 2). Interestingly, although for the block copolymers
manufactured with the longest PHPMA block (PHPMA;),
the PISA approach allowed the manufacturing of micelles only.
In this case, the morphology seems to be driven by the length
of the hydrophilic chains rather than by the hydrophilic-to-
hydrophobic weight ratio. Indeed, similar results were
observed also by others where amphiphilic block copolymers
with longer hydrophilic chains favored the formation of
micelles and those with shorter hydrophilic chains enabled the
manufacturing of polymersomes.®®

In Vitro Evaluations of NR-Loaded PISA Formula-
tions. Aiming at the application for the drug-delivery field, two
different pH-responsive PISA formulations (polymersomes
(PSs) from PHPMA,;-b-PDPA , and polymeric micelles from
PHPMA,-b-PDPA, ;) were loaded in situ polarity-responsive
hydrophobic dye NR as a drug model for the in vitro
evaluation of the NP behavior. In the case of PSs, because NR
is hydrophobic, the encapsulation of NR is most likely
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Figure 4. Cryo-TEM images of (A) PHPMA,;-b-PDPA (-NR- and (B) PHPMA,-b-PDPA o-NR-loaded NPs.

Table 3. Physicochemical Characteristics of the NR-Loaded PHPMA,;-b-PDPA,, and PHPMA,-b-PDPA,,, PISA

Formulations
Dy (nm) Ry (nm) Rg (nm) p = Rg/Ry M,, (107 g'mol™) PDI N
PHPMA,;-b-PDPA,(;-NR 145 72.5 72 0.99 2.48 0.09 1180
PHPMA,-b-PDPA, 4, NR 90 48 s1 1.13 3.96 0.12 162
predicted to be in the membrane of the polymersomes.”””® In (Dy = 183 nm NR-free and Dy = 90 nm NR-loaded), despite

case of micelles, the NR dye occupies the hydrophobic
compartments and it is loaded into the micelle core via
hydrophobic interaction with the PDPA segments (Figure
4B)717

To avoid possible aggregation-induced self-quenching, an
optimized theoretical NR loading percentage of 0.20 wt % was
carefully selected. This approach demonstrates efficient LC
and LE (LE = 34%; LC = 0.24% for PHPMA,;-b-PDPA ¢ and
LE = 21%; LC = 0.15% for PHPMA,-b-PDPA, ), which was
determined by HPLC using a fluorescent detector.

SLS was also performed toward the characterization of the
NR-loaded assemblies as a complementary technique to cryo-
TEM (see the Supporting Information section for methods).
The static and hydrodynamic dimensions of a scattering object
are functions of the macromolecular structure. The combina-
tion of both may provide qualitative information about its
architecture. This can be done using the value of the structure-
sensitive parameter (p), which is defined by the Rg/Ry
ratio.”* The obtained values of the structure-sensitive
parameter (p = Rg/Ry) of 1.13 for the micelles and of 0.99
for the polymersomes (Table 3) suggest the prevalence of
highly hydrated objects compatible, respectively, to the
micellar structure (with a remarkably larger corona due to
solvation phenomena)*”** and to hollow spheres (PSs).®”%*%”
The SLS measurements also give the M,, of the assemblies than
can be used for the determination of the aggregation number
(Nagg = M,, of self-assemblies obtained by SLS/M,, of unimer
accessed by NMR; (see eq S3, in the Supporting Information
section)*”*® toward obtaining information about the assem-
blies” architecture (Table 3). Higher N, are expected for
vesicular morphologies as obtained for the PSs (N,,, = 1180
chains forming one PS)©%6667 in comparison with micelles
(Nagg = 162 chains forming one micelle).”” Overall the SLS
results are in good agreement with the cryo-TEM images, as
further evidenced by the morphology of the resulting NPs.

Almost no changes in Dy were observed when NR dye was
encapsulated for PHPMA,;-b-PDPA,,, PSs (Dy = 123 nm
NR-free and Dy = 145 nm NR-loaded) with the vesicular
morphology retained, whereas for PHPMA,;-b-PDPAj, M

maintaining the micellar morphology, the Dy was reduced
twice. The probable reason for this is that the addition of
hydrophobic NR determines the formation of micelles with a
more compact core.””** This may be a subject of detailed
research in future work. Moreover, in both PISA NR-loaded
NPs, no changes in the morphology were observed (see Figure
4), highlighting that the morphological transformations during
polymerization in the presence of NR correspond to the
transitions observed in the absence of NR.

Moreover, small-angle X-ray scattering measurements
(SAXS) was used as a powerful analytical technique to confirm
the presence of different morphologies, as shown in Figure S.

102 OPHPMA,3-b-PDPA, o-NR

PHPMA,-b-PDPA,o,-NR

I[q]

107! °

alnm] .
Figure S. SAXS patterns for (blue circle) PHPMA,;-b-PDPA100-NR-
polymersomes and (green circle) PHPMA;;-b-PDPA,(-NR core—

shell micelles along with the corresponding curve fittings (solid lines).

SAXS data were recorded for PHPMA,;-b-PDPA ,-NR and
PHPMA,-b-PDPA ;-NR nano-objects and could be success-
fully fitted using a core—shell sphere model with log-norm
distribution of the outer size and the resulting scattering
patterns modeled using spherical micelles”* and vesicles”” plus
the Gaussian polymer chains model as a background.”

1(q) ~ K* (g, R, An) + background (3)
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where
sin(qR) — qRcos(qR)
(qR)3 4)

is the scattering from spherical NPs of radius R, Az is the
difference between the scattering length density of the polymer
and the solvent. The q~> dependence at the low-q range is
expected for the polymeric vesicles, and the SAXS profiles
portrayed in Figure S (open blue circles) could only be
decently fitted by using the form factor of the bilayered
vesicles. This is at the edge of the lowest q-region we are able
to reach. The radius of PSs for the hydrophilic PHPMA shell is
R1 = 85.1 nm and the radius of the hydrophopic PDPA layer is
R2 = 12.6 nm with a scattering length density difference
between shell and matrix An = 0.02, as well as scattering shell
density difference between layer and matrix relative to the shell
contrast 4 = 0.99. On the other hand, the near-q° dependence
of the SAXS profiles evidenced in Figure S (open green circles)
points out the formation of core—shell spherical aggregates for
the PHPMA,;-b-PDPA100-NR micelles. The values found for
NR core—shell micelles were R = 17.8 nm and Ryshell = 17.0
nm, resulting in a total particle radius (R + Rgshell) of 34.8 nm,
which is slightly smaller than the R, determined through SLS
(Rg = 51 nm). The scattering length density difference between
the shell and matrix is Ay = 4 X 107, and the scattering shell
density difference between the core and matrix relative to the
shell contrast is = 0.29. Overall, these data and the respective
curve fittings confirm the self-assembly of the diblock
copolymers PHPMA,;-b-PDPA,-NR into polymersomes
and PHPMA,-b-PDPA,;,-NR into micelles.

Next, the release of NR was studied under simulated
physiological conditions at pH ~ 7.4 in PBS and acidic acetate
buffer at pH ~ 4. The release profiles are given in Figure 6.

K(q, R, An) = §ER3 An3

100 4

80 4

60

40

204

[8— PHPMA,,-b-PDPA, pH~4.0
(—@— PHPMA,;-b-PDPA, o, pH~4.0
(—— PHPMA,;-b-PDPA o, PBS pH~7.4
(—O— PHPMA;-b-PDPA, o, PBS pH~7.4

Cumulative release of Nile Red (%)

0 2 4 6 8 10 12
Time (h)

Figure 6. NR cumulative release from PHPMA,;-b-PDPA , vesicles
and PHPMAG,-b-PDPA, micelles at pH ~ 4 and pH ~ 7.4.

The mechanism for drug release in pH response systems is well
known and is as follows: at pH values above 6.2—6.3, the NR-
loaded NPs produced a strong fluorescence intensity owing to
the hydrophobic microenvironment inside the micelle core. At
pH values below 6.0, the PDPA core dissociated, and the NR
payload was released into the aqueous phase, thus causing
dramatic quenching of the fluorescent signal.”*”’

The release profiles of PHPMA,;-b-PDPA,;-NR-loaded
vesicles demonstrated that at acidic pH ~ 4 after 4 h, 40% was
released and 84% after 12 h (filled green squares). Likewise, in

the case of simulated physiological pH ~ 7.4, the release was
22% in 4 h and 37% after 12 h (open green squares). The
release profiles in the case of PHPMA;,-b-PDPA,,-NR-loaded
micelles showed that more than 50% of the loaded dye was
released within 4 h at pH ~ 4 and 86% after 12 h (filled blue
circles). Under neutral physiological conditions, PBS pH ~ 7.4
at 4 h release reached 13 and 32% after 12 h (open blue
circles). The obtained results demonstrate that PSs at pH >
pK, which points out to a higher ability to efficiently deliver
the payload to the pH-specific site without higher amounts
being released at pH 7.4.°"°” These results are compatible with
the release of payloads from systems based on the PDPA core
observed by us®"*"”” and others’®”” In contrast, at pH < pK,,
because of protonation of the PDPA block, the NPs undergo
physical disassembly that lead to quick release of loaded NR.”!
It has already been reported by others that PSs show higher
stability and slow release in buffered conditions than
micelles.*>®" It is important to highlight that the observed
retardation of the NR release after an initial fast release at pH
~ 4.0 is explained because the pH-induced disassembly at pHs
lower than the pKa of the PDPA block leads to the presence of
free chains that can reorganize in order to avoid as much as
possible the contact with the polar solvent, water. These chains
as unimers entrapped again the NR used and are most likely
responsible for the retardation of the release even at pHs below
the pK, of the PDPA block. This has been studied previously
by fluorescence energy transfer experiments (FRET) using the
pair dyes cyanine 3- and cyanine S covalently bound to the
PHPMA-b-PDPA block forming Cy3-CyS-polymersomes.’!
However, it is important to be mentioned that this
reorganization seems not to interfere in the in vivo effect of
similar PSs of PHPMA-b-PDPA that greatly enhanced the
therapeutic efficacy with effective inhibition of EL4 lymphoma
tumors in a mouse model with a 100% survival rate,’’
highlighting the potential of such block copolymers in the
drug-delivery field.

pH-Responsive Behavior of NPs Prepared by PISA.
Because the PDPA block is pH-responsive (pK, ~ 6.2—6.3),>"
that is, it is deprotonated and hydrophobic under neutral
conditions and changes into protonated and hydrophilic state
in acidic solution, an additional study on the stimuli-
responsive behavior of the NPs PHPMA,;-b-PDPA,,, (PSs)
and PHPMAG,-b-PDPA,,, (M) was performed. The spherical
NPs were dispersed into neutral aqueous solution with a final
concentration of approximately 1 mg-mL~", and this behavior
was monitored by DLS over time. The NPs were observed to
be stable in PBS pH ~ 7.4 at 37 °C, which is a consequence of
the pK, of PDPA (pK, ~ 6.3).”" In contrast, at pH ~ 4.0, the
NPs quickly disassembled, while the block copolymer
formulations behaved as protonated single dissolved polymer
chains in an acidic medium. Because the light scattering
intensity is proportional to the concentration of particles, their
disassembly leads to a significant reduction in light scattering."
The scattering intensity I, at pH ~ 4.0 decreases by almost
100% compared to I in PBS over 5 min for micelles prepared
from PHPMA,-b-PDPA, (open blue circles) and in less than
a minute for polymersomes of PHPMA,;-b-PDPA o, (open red
circles) (see Figure 7). Interestingly, this higher stability under
buffered simulated physiological conditions (pH ~ 7.4) and
ultrafast disassembly at acidic pH is desirable and a
straightforward strategy for cargo delivery, for example,
chemotherapeutics to tumor sites with high efficiency.
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Figure 7. pH-responsive behavior studied by changes in light

scattering intensity (I,.) after incubation of micelles and vesicles in
PBS pH ~ 7.4 and pH ~ 4.0 at 37 °C.

B CONCLUSIONS

Herein, we have highlighted the first evaluation of the effect of
microwave irradiation-mediated conditions on pH-responsive
PHPMA,,-b-PDPA, in situ soft matter nanoparticle formation
in purely aqueous solution via PISA. We have demonstrated
that the MWI-PISA aqueous RAFT polymerization proceeded
with reasonably good control, achieving elevated conversions
(~85%) within a short period of time (4 h). The copolymer
morphology results were found to be limited to spheres
[micelles (M) and polymersomes (PSs)] only, and no micelle-
worm-polymerosome transition was observed, which is
probably due to the reaction conditions we chose. Of note,
the morphology of nanoassemblies synthesized by PISA can be
easily tuned from micelles to polymersomes by changing the
DP of the hydrophilic and/or hydrophobic block.
Furthermore, NR-loaded pH-responsive polymeric spheres
(M + PSs) using the block copolymer PHPMA,,-b-PDPA,, as
the building unit are reported. Spherical nanoparticles can
stably encapsulate hydrophobic compounds inside their
hydrophobic PDPA cores (M) or walls (PSs) via hydrophobic
interactions. It was found that the polymersomes of PHPMA, ;-
b-PDPA,, have increased the encapsulation efficiency, better
stability at physiological pH, and faster release at acidic pH
compared to formulation PHPMA,-b-PDPA,,, with the
micellar morphology. The capability of fine-tuning the
morphology from micelles to polymersomes herein with drug
encapsulation may attract considerable attention in the drug-

delivery field.
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