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ARTICLE INFO ABSTRACT

Keywords: A rapid and eco-friendly reversible addition-fragmentation chain transfer (RAFT) polymerization reaction of the
RAFT N-(2-hydroxypropyl) methacrylamide (HPMA) monomer under microwave irradiation (MWI) was demonstrated.

Microwave irradiation A systematic investigation to determine the optimal conditions for the polymerization, such as the reaction time,

E:ZI:?C stud solvents, monomer stoichiometry and RAFT agents, was implemented. The polymerization kinetics were ob-
Homopolym};rs tained using two different chain transfer agents (CTAs), namely, commercial 4-cyano-4-(phenylcarbono-
Copolymers thioylthio)pentanoic acid and synthesized 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid, in the

presence of 4,4'-azobis(4-cyanovaleric acid) as the initiator in various solvents. The controlled living character of
the RAFT polymerization under MWI conditions was demonstrated by the linear increase in the number-average
molecular weight (M) with monomer conversion. Moreover, good agreement between the theoretical and
experimental M, values was verified with pseudo-first-order kinetic plots, with low dispersities (P < 1.04) if a
favorable solvent and/or CTA was chosen. In addition, the ability of MWI to facilitate copolymer formation was
demonstrated by the preparation of relevant copolymers, such as poly(HPMA-b-bocAPMA), poly(HPMA-b-
MABH) and poly(HPMA-b-PDPA). Altogether, these facile synthetic approaches can find applications for the
synthesis of PHPMA-based homo- and copolymers that have already been clinically tested and serve as hydro-
philic high-potential alternatives to polyethylene oxide.

Block copolymers

1. Introduction

For several decades, the field of radical polymerization has experi-
enced a renaissance due to the advent of controlled/living radical
polymerization (CLRP) [1-3]. The development of CLRP techniques has
been accompanied by the ability to produce well-defined polymers with
controlled molecular weights and a wide range of polymer architectures
and functionalities [4]. One of the most widely studied CLRP methods is
reversible addition-fragmentation chain transfer (RAFT) polymerization
[5,6], and there are two other types of CLRP, namely, nitroxide medi-
ated polymerization (NMP) [7-9] and atom transfer radical polymeri-
zation (ATRP) [8-12]. Among these methods, RAFT polymerization has
attracted great interest due to its applicability to a wide range of
monomers and its tolerance to most functional groups and reaction
solvents [13,14], as well as its low cost, narrow molecular weight dis-
tribution (low D), high end-group fidelity, and capacity for continued
chain growth. However, from a practical point of view, RAFT processes
are often plagued by a relatively low polymerization rate (Rp) and
demonstrate some degree of rate retardation [4,15]. Accordingly, it is
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crucial to find a way to accelerate the Rp and simultaneously ensure that
the living character of the RAFT technique is preserved [16,17].
Microwave irradiation (MWI) has currently been successfully
employed for organic synthesis, inorganic synthesis, material science,
polymer chemistry, and other disciplines. Over the past decade, the
microwave (MW) heating technique has been successfully used for CRLP
as an alternative to thermal heating. It has been demonstrated that with
this approach, the conversion of monomer to polymer was much higher
and the Rp was much faster [18-22]. Considering that the RAFT process
normally requires reaction times ranging from several hours to several
days under conventional heating conditions, MWI was successfully
extended to RAFT polymerizations, overcoming this drawback. The re-
sults so far have shown that the polymerization time can be reduced to
minutes or hours depending on the target weight-average molecular
weight (M,,) because of the tremendous increase in the Rp. Few exam-
ples have considered the favorable effect of MWI on RAFT polymeriza-
tion, which included the use of styrene [22-25], methyl methacrylate
[24,26], methyl acrylate [23,24], N-isopropylacrylamide [27,28], N,N-
dimethylacrylamide = [28]  diallyldimethylammonium  chloride
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(DADMAC) [29], vinylcyclicsilazane [30] and vinyl pyridines [31]
monomers. In all cases, the molecular weight distributions (P) of the
polymers formed under MW conditions were narrow, opening an avenue
for developing other polymers by the MWI method.

In particular, methacrylamides such as poly(N-(2-hydroxypropyl)
methacrylamide) (PHPMA) are of great importance because they are
water-soluble (highly hydrophilic), nonimmunogenic and nontoxic
polymers and reside in the blood circulation for a relatively long period
of time [32,33]. Furthermore, copolymers of PHPMA were the first
polymer drug conjugates to enter clinical trials [33]. PHPMA is currently
frequently used as a macromolecular carrier for low molecular weight
drugs, especially anticancer chemotherapeutic agents, to enhance the
therapeutic efficacy and limit the side effects [32,34-36]. Intense
research using PHPMA drug conjugates has gained momentum and has
found uses in many different applications [37,38], with PHPMA co-
polymers considered a good alternative hydrophilic polymer to poly-
ethylene oxide (PEO) because of the immunogenic reactions reported for
the former [39,40].

The synthesis of the PHPMA copolymer is mainly carried out by
CLRP. The ATRP of HPMA was implemented for the first time by
Matyjaszewki et al. [41]. However, the polymerization proceeded in an
uncontrolled manner, resulting in PHPMA copolymers with broad mo-
lecular weight distributions and low conversions. The controlled poly-
merization of HPMA by ATRP has been recently revised towards high
monomer conversions and narrow dispersities [42]. In 2005, McCor-
mick et al. [43] synthesized a PHPMA copolymer with a defined mo-
lecular weight and low P using the RAFT method under aqueous
conditions. Later in 2013, Ozdemir et al. [31] reported on the RAFT-
mediated synthesis of PHPMA macroCTA in MeOH and PHPMA-b-4-
vinylpyridine block copolymer in DMF or MeOH by conventional and
MWI heating methods at 70 °C using 4-cyano-4-(((ethylthio)carbono-
thioyl)thio)pentanoic acid as chain transfer agent and AIBN as an
initiator. Despite, good control over polymers molecular weight and
composition the polymerizations were investigated only in MeOH for
homopolymers resulting in low conversions ~40%.

Although to date, the RAFT method has been largely employed for
the synthesis of PHPMA homo- and copolymers [44-46], the polymer-
ization times are still relatively long, from several hours to almost a day.

Accounting for the aforementioned benefits of the MWI technique
and the potential applications of PHPMA copolymers in the biomedical
field, we herein investigate the preparation of PHPMA homo- and co-
polymers by MWI. We overview the MWI-assisted RAFT polymerization
of HPMA in various solvents and use different chain transfer agents
(CTAs), such as the commercial and widely used 4-cyano-4-(phenylcar-
bonothioylthio)pentanoic acid (named CTA1l) and the synthesized 4-
cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (named CTA2)
in the presence of 4,4'-azobis(4-cyanovaleric acid) (V-501) as an initi-
ator. Several different stoichiometric ratios between the monomer, CTA
and initiator were tested. In addition, it has been demonstrated that
copolymers can be produced, thus illustrating the “livingness” of the
system. Also, the best conditions established for the RAFT-mediated
homo- and copolymer formation by MWI were compared with the
conventional heating method. Altogether, we provide a guideline for
selecting the optimal conditions for the RAFT polymerization of HPMA
to produce PHPMA homopolymers (named PHPMA macroCTAs —
PHPMA-mCTA) and PHPMA-based copolymers using MWI-assisted
polymerization.

2. Experimental section
2.1. Materials

Reagents included amino-2-propanol (93%), methacryloyl chloride
(> 97.0%, distilled under an argon atmosphere), sodium hydride (NaH,

60% dispersion in mineral oil), ethanethiol (EtSH, 97%), carbon disul-
fide (CSy, anhydrous, > 99%), tert-butyl carbazate (Boc-hydrazide,
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98%), triethylamine (EtgN, >99.5%), 4,4’-azobis(4-cyanovaleric acid)
(V-501, > 98%), 4-cyano-4-(phenylcarbonothioylthio)pentomic acid
(CTA1l) and 2-(diisopropylamino)ethyl methacrylate (97%, distilled
under an argon atmosphere). Dichloromethane (CH3Cl;, anhydrous
>99.8%) was dried by refluxing over a benzophenone-sodium complex
and distilled under an argon atmosphere. Other solvents included
diethyl ether (Et;0, > 99.7%), dimethyl sulfoxide (DMSO, > 99.5%),
and tert-butanol (tert-BuOH, > 99.5%). All reagents and solvents were
purchased from Sigma-Aldrich.

The monomer N-(2-hydroxypropyl)methacrylamide (HPMA)
(Scheme S1, Fig. S1) was synthesized according to reference [47]. N-(3-
Boc-aminopropyl)methacrylamide (boc-APMA) was purchased from
PubChem. Methacrylamide butyl carbazate with a hydrazine bond
(MABH) (Scheme S2, Fig. S2) was synthetized according to reference
[48]. The RAFT agent 4-cyano-4-(((ethylthio)carbonothioyl)thio)penta-
noic acid (CTA2) (Fig. S3) was synthesized according to reference [49].
The detailed procedure of all the syntheses is provided in the ESI file.

2.2. Instruments and analyses

Microwave-assisted RAFT polymerizations were conducted on a
Biotage Initiator Sixty microwave system. The monomers, CTA, PHPMA
homopolymers and their copolymers were characterized by proton nu-
clear magnetic resonance (*HNMR) spectroscopy. 'H NMR spectra were
recorded on a Bruker Avance (600 MHz) spectrometer with CDClg,
methanol-d4 or D20 (acidified with DCl; pH ~ 3.0) as the solvent at 295
K.

The apparent average molecular weights ((i.e., number-average
molecular weight (M,) and weight-average molecular weight (M,,))
and the molecular weight distribution or dispersity (D) of the homo- and
copolymers were determined by size exclusion chromatography (SEC)
using an HPLC Ultimate 3000 system (Dionex, USA) equipped with an
SEC column (TSKgel SuperAW3000 150 x 6mm, 4pum) and three de-
tectors: ultraviolet/visible (UV/VIS), refractive index (RI, Optilab®-
rEX) and multiangle light scattering (MALS, DAWN EOS) (Wyatt Tech-
nology Co., USA). A mixture (80/20vol%) of methanol and sodium ac-
etate buffer (0.3M, pH = 6.5) was used as the mobile phase.

2.3. Kinetic study of the RAFT polymerization of HPMA using MWI
(Scheme 1)

RAFT experiments were performed in Biotage high-precision MW
glass vials (2 mL) and conducted in a laboratory MW reactor (Biotage
Initiator Robot Sixty). The MW instrument was set to normal voltage
with a prestirring step of 60 s. A typical procedure for kinetic studies was
as follows: A stock solution was prepared of HPMA (1.2 g, 3.99 x 107°
mol at DP 175), CTA and initiator V-501 ([CTA]/[I] 1/0.5 and 1/0.2) in
certain amounts of DMSO, tert-BuOH and/or deionized water. Two
different CTA agents (CTA1 and CTA2) were investigated in HPMA
mCTA synthesis, where the experimental conditions were kept the same
for both cases. An aliquot (1 mL) from a stock solution was obtained and
transferred to five or six glass vials equipped with a magnetic stir bar,
which were sealed and deoxygenated for 30 min using argon purging.
Afterwards, the vials were placed in the cavity of the MW instrument,
and the temperature was set to 70 °C, with a reaction time of 60 min to
12 h (when necessary) for a total of five to six experiments. At different
time points, the polymerization was stopped by ceasing MWI, removing
the vial from the instrument and rapidly quenching in liquid nitrogen.
The sample solution (20 pL) was immediately analyzed by H NMR
spectroscopy. The monomer conversion was calculated by comparing
the remaining monomer concentration with the initial monomer feed.
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. The RAFT polymerization of HPMA under various reaction
conditions and solvents is presented in Tables 1 and 2 and Tables S1 to
S3 (ESI). In addition, the best conditions established for the RAFT-
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Scheme 1. General synthetic procedure for MWI-assisted RAFT polymerization of the monomer HPMA to produce PHPMA-mCTAs using 4-cyano-4-(phenylcarbo-
nothioylthio)pentanoic acid (CTA1) and 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CTA2) as RAFT agents.

Table 1

Microwave-assisted RAFT polymerization of HPMA in water. Conversion data,
number-average molecular weight (M,) and dispersity (P) for MWI-assisted
RAFT polymerization of HPMA. V-501 as the initiator in a molar ratio of [M]/
[CTA]/[1] = 175/1/0.2 for the target M,, ~ 25000 g~m01’1.

Time Conv.” MBS LH NMR M, SEC P
) (%) (g'mol™) (g-mol ™)

CTA1 0.5 20 5340 2530 1.95
1 28 7 295 10420 1.08
1.5 36 7796 14950 1.05
2.0 47 12060 17950 1.04
3.0 58 14810 22040 1.04
4.0 56 12810 22750 1.05

CTA2 0.5 12 3150 4300 1.19
1 40 9875 9000 1.16
1.5 50 12280 12400 1.13
2 61 14920 15600 1.09
3.0 71 18970 19200 1.08
4.0 80 21080 24200 1.09

@ Conversion data determined by 'H NMR analysis. b Theoretical M, = [M]y/
[CTA]p x conv. X Mwupma + Mwcra.

mediated homopolymer formation by MWI were compared with the
polymerization by the conventional heating method (Table S4).

2.4. Synthesis of PHPMA-b-bocAPMA, PHPMA-b-PMABH and PHPMA-
b-PDPA copolymers via MWI (Scheme 2)

MW -assisted RAFT copolymerization was carried out as follows:
PHPMA-mCTA2, 0.1 g(2.43 x 10~ mol) (Mpnmr) ~ 4130 g-mol’l) was
dissolved in tert-BuOH (2 mL), different amounts of the Boc-protected

monomers N-(3-Boc-aminopropyl)methacrylamide (bocAPMA) (B1,
Scheme 2), methacrylamide butyl carbazate (MABH) (B2, Scheme 2) or
2-(diisopropylamino)ethyl methacrylate (DPA) (B3, Scheme 2) and the
initiator V-501 (0.5 mol-L’l, related to PHPMA-mCTA) were dissolved
in tert-butanol (4 mL), and these solutions were added to a 10-20 mL
MW glass vial with a magnetic stir bar, which 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
70 °C. After 6 h, the polymerization was stopped with a quenching step
using liquid nitrogen. The yellowish reaction product was precipitated
into cooled diethyl ether, filtered, washed three times with diethyl ether,
and then dried overnight at room temperature under vacuum. After
purification, the structure of the copolymers was confirmed by 'H NMR
spectroscopy, and the My, was determined by 'H NMR spectroscopy and
SEC. The macromolecular characteristics of the PHPMA-b-bocAPMA
(BC1, Scheme 2), PHPMA-b-PMABH (BC2, Scheme 2) and PHPMA-b-
PDPA (BC3, Scheme 2) copolymers are depicted in Table 2. The con-
ventional heating method for the copolymer synthesis was carried out at
the same conditions as mention above for comparison. The macromo-
lecular characteristics of the block copolymers are listed in Table S5
(ESI).

3. Results and discussion

3.1. Kinetic study of microwave-assisted RAFT polymerization of HPMA
To identify and optimize the conditions for the preparation of well-

defined PHPMA homo- and copolymers via MWI using RAFT polymer-

ization, several parameters were evaluated. Careful selection of the CTA
was necessary for successful RAFT polymerization. Two different CTA

Table 2

Experimental conditions and macromolecular characteristics of the block copolymers prepared via microwave-assisted RAFT polymerization.
Sample [M1o/[CTAlo/ [Ty Time (h) Conv. (%) Mynvr” (g-mol™) My,sec (g-mol )¢ P
PHPMA,o-mCTA2 100/1/0.2 3 93" 4130 4410 1.04
PHPMA o-b-bocAPMA 4 (BC1) 75/1/0.5 6 96" 15500 25000 1.06
PHPMA9-b-PMABH,4 (BC2) 75/1/0.5 6 30" 12208 22200 1.38
PHPMA0-b-PDPA3, (BC3) 75/1/0.5 6 45° 11851 13720 1.14

2 Determined by 'H NMR spectroscopy in methanol-d, or using end-group analysis.

b Determined by 1H NMR in acidic D20 using end-group analysis.

¢ M, was calculated via 'H NMR spectroscopy according to M, = (MU x My upma) + (MMU X My monomer) + Mwcra Eq. 1.

4 Determined by SEC in MeOH/acetate buffer, pH 6.5, 80/20 vol%.
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Scheme 2. RAFT-mediated synthesis of diblock copolymers via MWI. (A) PHPMA-b-bocAPMA (BC1), (B) PHPMA-b-PMABH (BC2) and (C) PHPMA-b-PDPA (BC3).

agents, namely, commercial 4-cyano-4-(phenylcarbonothioylthio)pen-
tanoic acid (CTAl) and synthesized 4-cyano-4-(((ethylthio)carbono-
thioyl)thio)pentanoic acid (CTA2), were investigated in the synthesis
of HPMA mCTAs (Scheme 1). These CTAs are known to generally
perform well in the polymerization of methacrylates and meth-
acrylamides [46,49]. We targeted a molecular weight of 25,000 g-mol !
for PHPMA because it is below the threshold allowing renal clearance
and avoiding polymer accumulation, envisaging further biological ap-
plications [50]. All polymerizations were carried out in a MW reactor at
70 °C with 4,4'-azobis(4-cyanovaleric acid) (V-501) as the initiator. The
reactions were monitored to determine the conditions of the initial re-
action kinetics. The impact of the selected CTA and the variation in the
initiator concentration and solvent on the Rp, the control of the poly-
merization, and the quality of the final polymer (low  and higher M)
obtained were assessed.

The study began with preliminary screening experiments aiming to
provide a rapid polymerization of HPMA with the commercial and
widely used CTA1 in the presence of V-501 in molar ratio [M]/[CTA]/
[11 = 175/1/0.5 (relatively high initiator concentration and aprotic
organic solvent — DMSQO). DMSO was chosen for the RAFT polymeriza-
tion of HPMA because all chemical reagents are very well dissolved in
this solvent. The given conversion data obtained by 'H NMR and the Mj,
and dispersity (P) obtained by SEC for microwave-assisted RAFT poly-
merization of HPMA at a molar ratio of [M]/[CTA]/[1] =175/1/0.5 are
summarized in Table S1 (ESI). The obtained results clearly indicated no
linear increase in molecular weight with the polymerization time, high
dispersity and very poor conversions, reaching a maximum of ~25%
conversion for CTA1. The M,, values were closer to each other, showing
that longer polymerization times are not necessary for these selected
reaction conditions (Table S1, ESI). For CTA2, the monomer conversions
were reasonably good, reaching ~75%, with almost the desired targeted

M, (~ 25,000 g-mol’l); however, minimal control over the molecular
weight and reasonably low dispersity (P < 1.2) were achieved (Table S1,
CTA2, ESI). As observed for CTA1, the similar molecular weights ob-
tained within 4 h and 5 h for CTA2 demonstrate that longer polymeri-
zation times are not necessary for these selected reaction conditions. A
possible explanation for the obtained results could be the solvent chosen
for polymerization, which could negatively influence the polymeriza-
tion process.

Recently, Thang et al. conducted a deep and detailed study on the
effect of solvents on the conventional thermal RAFT polymerization of
HPMA [51]. The authors determined that the hydrogen bonding be-
tween polymer chains in aprotic solvents has a negative influence on the
RAFT polymerization process. In aprotic solvents such as DMSO, the
deviation from linearity can be attributed to radical loss, most likely due
to radical-radical termination resulting in dead chains and thus low
conversions [51]. Moreover, it should be noted that MWI absorbed by
the solvents could affect the polymerization. The ability of DMSO to
convert MW energy into heat is determined by the so-called loss tangent
(tan 6), where for DMSO, tan § = 0.825, which means that it has ultra-
high MW absorption [52]. High MW absorption solvents used for RAFT
polymerization have been reported to lead to significant chain-end loss,
potentially resulting from unintentionally high initial temperatures in
the reaction medium, which lead to chain transfer or other side reactions
during polymerization [15]. Indeed, under the above reaction condi-
tions, it was generally not possible to achieve good control (in particular,
low D) for both CTAs. In response to this challenge, appropriate reaction
conditions were investigated to enable good control (i.e., low D, pre-
dictable molar mass, shorter polymerization times) over the polymeri-
zation of HPMA.

Compared to DMSO, tert-BuOH is a moderately polar solvent with a
slightly lower ability to convert MW energy into heat (tan § = 0.80),
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which makes it very attractive for use in MWI synthesis and might
contribute to a faster reaction rate. Indeed, Cunningham et al. pioneered
the conventional polymerization of amino-containing monomers such as
dialkylamino ethyl methacrylates in tert-BuOH, with good control and
livingness [53]. Moreover, although tert-BuOH is a nontoxic, relatively
inexpensive solvent, to the best of our knowledge, it has never been used
for MWI-assisted RAFT polymerization of HPMA. Accordingly, we
evaluated the efficiency of tert-BuOH as a solvent for RAFT polymeri-
zation by MWI for polymer synthesis at the same molar ratios as those
used for DMSO - [M]/[CTA]/[1] = 175/1/0.5.

The results are depicted in Table S2 (ESI). The polymer conversion
increased to ~52% for CTA1 and to 80% for CTA2, whereas the mo-
lecular weight was not controlled during the first 5 h of polymerization
in both cases (Table S2, ESI). Similarly, the agreement between theo-
retical and experimental molecular weights was not consistently good,
but the D values of the polymers obtained during the homopolymeri-
zations were consistently low (see Table S2). Until now, in all experi-
ments, the Rp by MWI was significantly slow. Therefore, under the
abovementioned reaction conditions, we had never reached the target
M, (~ 25,000 g-mol’l) within a relatively short time — a few hours.
These issues could most likely be because of an inappropriate selection
of molar ratios between CTA and initiator, [CTA]/[I] = 1/0.5. Indeed, it
is known in RAFT polymerization that the total active species concen-
tration influences the Rp, where a decrease in the total active species
concentration generally positively affects the Rp [53,54].

To obtain the target My, the amount of initiator, V-501, with respect
to CTAs was reduced by 2.5 times, with all the other parameters kept
constant. At a molar ratio of [M]/[CTA]/[I] = 175/1/0.2, the poly-
merization rate was still quite slow (at maximum time = 12 h); however,
the obtained molecular weights, dispersities and conversion data
showed that the polymerization of HPMA by both CTAs proceeded in a
controlled fashion, producing polymers with low P, as seen in Table S3
(ESI). The controlled living character of the MWI-assisted RAFT of
HPMA was demonstrated by the linear curve obtained by plotting the
natural logarithm of the total monomer concentration versus time for
the molar ratio [M]/[CTA]/[I] = 175/1/0.2 in tert-BuOH (Fig. S4A,
ESI). The RAFT polymerization proceeded to high conversions with
increasing reaction time. The pseudo-first-order kinetic plot showed a
linear increase in the molecular weight with conversion and low dis-
persity (P ~ 1.03 to 1.04 at the 12th h). According to the time-
dependent conversion data, PHPMA-mCTAl was formed in a
controlled manner (blue lines, Fig. S4B, ESI). Similarly, for CTA2 at the
same molar ratio ([M]/[CTA]/[I] = 175/1/0.2), the polymerization
followed a pseudo-first-order kinetic plot, showing a linear increase in
molecular weight with the polymerization time; however, a more
controlled fashion was exhibited (red lines, Fig. S4B and Table S3, ESI)
than that observed for the polymerization using CTA1 (blue lines, Fig. S4
and Table S3, ESI). In addition, good agreement between theoretical and
experimental molecular weights was achieved, and the dispersity of the
homopolymers was always low (D ~ 1.04 at the 12th h, Fig. S4, ESI).

The SEC chromatograms of PHPMA-mCTA1 (Fig. S5A) and PHPMA-
mCTA2 (Fig. S5B) at the corresponding molar ratios show a monomodal
distribution, as indicated by the overlap of the SEC traces. Nevertheless,
the SEC traces revealed a shift to lower elution volumes as a function of
polymerization time, indicating an increase in molecular weight
(Table S3). Altogether, these results suggested that MWI-assisted RAFT
polymerization of HPMA implemented in tert-BuOH and at these
selected stoichiometries using both CTAs proceeds in a controlled
manner, with outstanding results obtained for CTA2.

We next explored the opportunities for clean processing and pollu-
tion prevention by choosing another solvent such as water. We searched
numerous publications reporting the combination of water as an envi-
ronmentally benign solvent for chemical transformations with the
application of MWI as an efficient heating method [55-58]. Water is
inexpensive, readily available, nontoxic, and nonflammable presenting
clear advantages as a solvent for use in organic synthesis. Furthermore,
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as a MW-absorbing solvent, water has a medium loss tan 6 of 0.123 [52],
making it very suitable for MW-assisted synthesis. Moreover, it is worth
mentioning that the HPMA monomer is highly soluble in aqueous me-
dium, which makes water an excellent solvent for RAFT polymerization
of HPMA by MWI. Accordingly, we performed the same set of experi-
ments but used water as a solvent.

As a typical polymerization procedure, the molar ratio between the
monomer, free RAFT agent and initiator was kept as [M]/[CTA]/[I] =
175/1/0.2 for both CTAs, as previously used for tert-BuOH (Table S3).
The polymerization was carried out at 70 °C for different times (0.5-4
h). Examining the kinetic plots of In([M],/[M],) for both CTAs versus
polymerization time, the plots were linear for CTA2 (Fig. 1A). The
conversion of the HPMA monomer versus molecular weight and dis-
persity was also linear, indicating that RAFT polymerization proceeded
in a well-controlled fashion (Fig. 1B).

The results clearly indicated that PHPMA-mCTA was obtained with a
higher conversion in water, and the polymerization time was four times
faster (Table 1) than that with DMSO (Table S1) or tert-BuOH (Table S2
and S3). Therefore, under the reaction conditions, we obtained the
desired target My, (~ 25,000 g-mol 1) within a relatively short period of
time (4.0 h, CTA2). As comparison, the experimental set ([M]/[CTA]/
[1] = 175/1/0.2) was performed by the conventional heating method
using both CTAs, as previously reported for water (Table 1). The ob-
tained results show a slightly slow reaction rate, broader dispersity’s and
homopolymer conversion (~48% for CTA1; 65% for CTA2, Table S4) if
compared with the MWI (Table 1) pointing out the better choice towards
obtention of HPMA homopolymers by MWI via RAFT in water.

SEC measurements were conducted for all samples from the kinetic
study by MWI in water. The elution profile changes for PHPMA-mCTA1
and PHPMA-mCTA2 are shown in Fig. 2 (A) and (B), respectively, and
the maxima of the various peaks (M) are reported in Table 1. The
unimodal SEC traces indicate that homopolymerization in correspond-
ing ratios occurs in a controlled manner; similar results were obtained in
the synthesis of HPMA by RAFT in tert-BuOH for both CTAs and in water
for CTA2, as judged by SEC traces exhibiting shifts towards higher
molecular weights, which indicated good livingness and control during
the synthesis of the macroRAFT agents (Fig. 2B).

Although the SEC data for CTA1 show reasonable M,, values, pseudo-
first-order kinetic plots were not achieved, and the M, values obtained
by NMR were far from those obtained by SEC. This discrepancy is likely
because CTA1 could be degraded in water at 70 °C [59], and the chain-
end functionality of the growing chain might have been compromised. If
(nearly) all of the polymer chains contained a dithiobenzoate group,
then the UV and RI traces would be almost identical. An increasing
fraction of dead chains (i.e., those not containing a dithiobenzoate
moiety at their end) results in greater deviation between the UV and RI
traces. This deviation could be evaluated by observing possible dis-
crepancies among the SEC-UV, SEC-RI and SEC-LS data [53]; indeed,
from the SEC analyses, discrepancies specially among the SEC-UV and
SEC-RI results were observed for the CTA1 suggesting that the growing
chain from CTA1 could be compromised (Fig. S6A, ESI file).

3.2. Microwave-assisted block copolymerization (Scheme 2)

Ultimately, the livingness and end-group functionality of the previ-
ously synthesized PHPMA-mCTA2 was verified by growing a second
block via MWI-assisted RAFT polymerization. We selected monomers
that are relevant in the biological field, such as N-(3-Boc-aminopropyl)
methacrylamide (bocAPMA) (B1, Scheme 2), methacrylamide butyl
carbazate (MABH) (B2, Scheme 2) and 2-(diisopropylamino)ethyl
methacrylate (DPA) (B3, Scheme 2), that have already been tested in
several biological experiments in in vitro and in vivo models. For
instance, B1 can be further deprotected and used for small interfering
RNA (siRNA) delivery [60] or functionalized for imaging and di-
agnostics [61]; B2 is an example of a successful pH-labile hydrazone
linkage-based copolymer of HPMA and can be functionalized with
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Fig. 1. (A) Semilogarithmic plots and (B) molecular weight and dispersity versus conversion of microwave-assisted RAFT polymerization of HPMA in water.
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Fig. 2. SEC traces in MeOH/acetate buffer of PHPMA-mCTA1 (a) (CTA1, Table 1) and PHPMA-mCTA2 (b) (CTA2, Table 1) at varying polymerization times.

several drugs [47,48,61,62] for pH-controlled activation; and B3 is an
ultra-pH-sensitive monomer that undergoes a hydrophobic/hydrophilic
switch within a small pH window of 6.30 < pH < 6.95, which is
remarkably close to the pH in the microenvironment of tumor cells,
making the block copolymer useful for supramolecular self-assembly
towards several structures with a myriad of applications [63-69].

The selection of mCTA2 was based on the most favorable results
obtained during the kinetic studies. PHPMA-b-bocAPMA (BC1, Scheme
2), PHPMA-b-PMABH (BC2, Scheme 2) and PHPMA-b-PDPA (BC3,
Scheme 2) copolymers were successfully synthesized via MWI-assisted
RAFT polymerization. Mediated polymerization of copolymers BC1-
BC3 was carried out in the presence of V-501 as an initiator at 70 °C,
with a monomer/PHPMA-mCTA2/initiator molar ratio of 75/1/0.5
([M]o/[CTAl,/[1]o) (copolymers BC1 - BC3, Scheme 2, Table 2) in tert-
BuOH (selected because has lower ability to convert MW energy to heat
and due to the reagents and monomers shown reasonable solubility in
the solvent). The BCs were successfully obtained (Table 2) with desir-
able M,, values, as judged by the SEC traces towards lower elution vol-
umes, indicating an increase in molecular weights (Fig. 3). The
composition of each BC copolymer was characterized by 'H NMR
spectroscopy. The 'H NMR spectra of the diblock copolymers (BC1 —
Fig. S7; BC2 - Fig. S8; BC3 - Fig. S9) showed the characteristic signals for
the protons belonging to the HPMA, bocAPMA, MABH and DPA
repeated units (Supplementary information). As comparison, the block
copolymers were also prepared via the conventional heating method
using the same aforementioned conditions (75/1/0.5 - [M]y/
[PHPMAmMCTA1],/[I]o). The obtained results demonstrated the

PHPMA-b-PMABH,, <—
—— PHPMA,;-mCTA2

PHPMA,;-b-PDPA,,

PHPMA 5-b-bocAPMA,, ~<¢—|

35 40 45 50 55 60 65
Retention time (min)

Fig. 3. SEC chromatograms in MeOH/acetate buffer of the PHPMA29-mCTA2
(black lines) PHPMAyo-b-bocAPMA,; (blue lines), PHPMA,o-b-PMABH,4 (red
lines) and PHPMA,o-b-PDPA34 (green lines) diblock copolymers (Table 2). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

obtention of the BCs with generally broader dispersities and lower or
similar conversions (~30% for BC1l; 20% for BC2; 50% for BC3,
Table S5) if compared with via MWI (Table 2). Differences between
theoretical molecular weight (NMR) and experimental (SEC) observed
can be because SEC has a strong dependence of its data on the calibrant,
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solvent, column and it is a relative method therefore requiring a mo-
lecular weight detector, oppositely to the NMR that is absolute primary
method requiring no calibration [70].

The monomers used are of great interest not only because they can
readily polymerize with other vinylic monomers but also because they
contain tert-Boc-protected multifunctional groups in their composition
(for B1 and B2). Deprotection to a free amine can be easily carried out
with a variety of reagents including HCl/MeOH, Me3Sil, or heat (185 °C)
for subsequent future “universal” postreaction modifications for a
myriad of applications, more than even the aforementioned biomedical
applications. Notably, for BC2 and BC3, a lower conversion was
observed for the growth of the second block. Since the same PHPMA-
mCTA was used for the growth of BC1 (~ 96% conversion), we hy-
pothesized that this result could not have been caused either by a low
reinitiation efficiency of the macroRAFT agent or as a function of the
decreased reinitiation efficiency because of the molecular weight of the
macroRAFT agent (hindrance effect). The cause of these observed low
conversions remains unclear and will be the subject of further
investigations.

4. Conclusions

In this work, aspects of the kinetic study of MWI-assisted RAFT
polymerization are discussed with a focus on certain advantages and
limitations of various reaction conditions, providing some guidance for
the selection of the right conditions for the polymerization of HPMA.
Different CTAs, solvents, and molar ratios [M],/[CTAly/[I], were
investigated, aiming towards controlled molecular weights, conversions
and dispersities. The kinetic experiments demonstrated that the aprotic
polar solvent (DMSO) resulted in low conversions and poor controlla-
bility of the polymerization. A significantly well-controlled reaction was
obtained at a molar ratio of [M],/[CTA],/[I], = 100/1/0.2 in tert-BuOH
as the solvent, but with a relatively long reaction time (¢t > 12 h). Based
on the results of this work, the MWI-assisted RAFT polymerization
proceeds with good control over the molecular weight and composition
if a monomer/CTA2/initiator feed ratio of 100/1/0.2 and water as the
solvent are chosen. Furthermore, the RAFT polymerization of PHPMA-
mCTA can be extended in a controlled fashion, resulting in nearly
monodisperse copolymers, as demonstrated through the synthesis of the
relevant PHPMA-b-bocAPMA, PHPMA-b-PMABH and PHPMA-b-PDPA
diblock copolymers.
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ABSTRACT: The extracellular and subcellular compartments are
characterized by specific pH levels that can be modified by
pathophysiological states. This scenario encourages the use of
environmentally responsive nanomedicines for the treatment of
damaged cells. We have engineered doxorubicin (DOX)-loaded pH-
responsive polymersomes using poly([N-(2-hydroxypropyl)]-
methacrylamide)-b-poly[2-(diisopropylamino)ethyl methacrylate]
block copolymers (PHPMA,,-b-PDPA,). We demonstrate that, by
taking advantage of the microfluidic technology, quasi-monodisperse
assemblies can be created. This feature is of due relevance because
highly uniform nanoparticles commonly exhibit more consistent
biodistribution and cellular uptake. We also report that the size of the
polymer vesicles can be tuned by playing with the inherent
mechanical parameters of the microfluidic protocol. This new
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knowledge can be used to engineer size-specific nanomedicines for enhanced tumor accumulation if the manufacturing is
performed with previous knowledge of tumor characteristics (particularly the degree of vascularity and porosity). The pH-
dependent DOX release was further investigated evidencing the ability of polymersome to sustain encapsulated hydrophilic
molecules when circulating in physiological environment (pH 7.4). This suggests nonrelevant drug leakage during systemic
circulation. On the other hand, polymersome disassembly in slightly acid environments takes place enabling fast DOX release,
thereby making the colloidal carriers highly cytotoxic. These features encourage the use of such advanced pH-responsive
platforms to target damaged cells while preserving healthy environments during systemic circulation.

B INTRODUCTION

Nowadays, it is widely accepted that the currently available
cancer therapies have several drawbacks, and most of them are
linked to the short blood circulation time of the antitumor
agents and their low specificity. This can be circumvented, for
instance, by loading the small molecules into supramolecular
assemblies. The strategy presumably protects the active agent
against degradation and clearance during the systemic
circulation ideally driving it selectively to the sites of action
where the damaged cells are present. The approach may
enhance the therapeutic efficacy limiting the exposure of
healthy tissues."” The selective drug targeting to solid tumors
using nanoparticle-based technologies is centered on the
known pathophysiology of such unhealthy sites. The
combination of leaky microvasculature and missing or tight
lymphatic capillary systems enables higher accumulation and
retention of nano-sized supramolecular assemblies [enhanced
permeability and retention (EPR) effect].”™> Moving beyond
the EPR effect, the extracellular and subcellular compartments
in tumor sites are characterized by a pH window that can also

-4 ACS Publications  © 2019 American Chemical Society
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be modified by the pathophysiological state. The high
metabolic rate of cancer cells leads to an accumulation of H*
ions in the tumor microenvironment’ and therefore, in
contrast to healthy tissues, the extracellular pH of tumors is
generally acidic (ranging from 6.2 to 6.8 depending on tumor
aggressiveness). Furthermore, in the intracellular environment
where the active agents are ideally delivered, the pH drops to
~6.0 in early endosomes, to ~5.5 in late endosomes, and to
values smaller than ~5.0 in lysosomes.”® Accordingly, the
usefulness of pH-responsive delivery systems responding in
such pH range is clear. Particularly, polymer vesicles can be
used for the loading of hydrophilic molecules within their
aqueous compartment. They can be produced by the self-
assembly of amphiphilic diblock copolymers when the polymer
chains contain a high fraction of the hydrophobic component.
Indeed, the polymer vesicles (known as polymersomes) have
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received great attention as delivery systems thanks to their
ability to transport and protect small molecules during
systemic circulation, their compartmentalization properties,
and their higher stability when compared to liposomes. These
advantages resulted in several examples of translation efforts
into oncology, neurology, and immunology.g_ll Nevertheless,
one of the main drawbacks to be still circumvented is the
typical manufacturing of highly polydisperse samples when
using standard protocols of preparation (thin-film rehydra-
tion, >~ electroformation,'® solvent-switch,"” nanoprecipita-
tion,"® and pH-switch'”) besides the presence of multiple
morphologies, poor control over size, low drug loading content
(LC), and low encapsulation efficiency.”

Taking into account the abovementioned considerations, we
were motivated to explore the production of monodisperse
pH-responsive polymersomes. The straightforward method-
ologies were already significantly investigated with notable
achievements. Particularly, the control over particle size and
enhanced encapsulation efficiency can be accomplished by
varying the nanoprecipitation conditions.”' ~** Nevertheless,
methodologies to reduce the polydispersity of soft-matter self-
assembled nanostructures still deserve further investi§ations,
and the use of microfluidic devices for such purpose” is an
important strategy. The microfluidic technique was already
successfully employed to control the size, shape and
polydispersity of particles and capsules;zo’25 however, it has
been seldom explored in the engineering of sub-200 nm
polymersomes, particularly when simultaneously associated
with the encapsulation of hydrophilic molecules. This has been
herein explored with further evaluation of intracellular delivery
and antitumor efficacy of doxorubicin (DOX)-loaded pH-
responsive polymersomes. We have selected poly(2-
(diisopropylamino)ethyl methacrylate) (PDPA) as the hydro-
philic—hydrophobic pH-responsive block because of its pK, =
6.8 and its ability to dissociate rapidly at pH < 6.8."*%° This is
particularly important because the endocytosis is a reasonably
fast process starting from plasma membrane wrapping up to
the lysosomal stage in roughly 30 min.”” Consequently,
polymersomes must release their cargo within the cell cytosol
in the time scale of a few minutes. The polymer poly(N-(2-
hydroxypropyl)methacrylamide) (PHPMA) was chosen as the
hydrophilic segment because of its protein-repelling character-
istics and long blood circulation lifetime.***’

B METHODOLOGY

Materials and Chemicals. The monomer 2-
(diisopropylamino)ethyl methacrylate (DPA, 97%, Sigma-
Aldrich, Czech Republic) and methacryloylchloride (Sigma-
Aldrich, Czech Republic) were purified by vacuum distillation
prior to use. The initiator 4,4-azobis(4-cyanopentanoic acid)
(V501, Sigma-Aldrich, Czech Republic) was recrystallized
from methanol prior to use. The initiator 2,2’-azobis(2-
methylpropionitrile) (AIBN, Sigma-Aldrich, Czech Republic),
the chain-transfer agent 4-cyano-4-(phenylcarbonothioylthio)-
pentanoic acid (CTA-COOH, Sigma-Aldrich, Czech Repub-
lic), and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC, Sigma-Aldrich, Czech Republic) were
used as received. The solvents methanol (MeOH), dimethyl
sulfoxide (DMSO), hydrochloric acid (HC), tert-butanol, and
1,4-dioxane with the highest purity commercially available and
the chemicals sodium sulfate (Na,SO,), magnesium sulfate
(MgS0O,), sodium azide (NaNj;), 3-chloro-1-propanol, and
DOX were purchased from Sigma-Aldrich (Czech Republic).
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The chemicals amino-2-propanol and 4-(dimethylamino)-
pyridine (DMAP, 98%) were purchased from Fluka (Czech
Republic). The fluorescent dyes dibenzylcyclooctyne-cyanine 3
(Cy3) and dibenzylcyclooctyne-cyanine S (CyS) were
purchased from Jena Bioscience (Germany). Dichloromethane
(DCM) and acetone were purchased from Lachner (Czech
Republic). All the solvents were dried over molecular sieves
prior to use.

Synthesis of the Block Copolymers. Synthesis of the
Azide Chain-Transfer Agent (CTA-Azide). CTA-azide was
synthetized followin§ the procedure described by Mendonga et
al. with adaptions.” 3-Chloro-1-propanol (3 g, 31.7 mmol)
and NaNj (3.5 g, 54.0 mmol) were dissolved in a mixture of
acetone (50 mL) and water (5 mL) in a round-bottom flask
and refluxed overnight. Acetone was removed under reduced
pressure, and 35 mL of water was added to the remaining
solution. The product was extracted with diethyl ether (3 X 70
mL) and the organic layer was dried over anhydrous Na,SO,.
3-Azido-1-propanol was obtained as a colorless oil (1.6 g, 53%)
after solvent was removed under reduced pressure. The pure
product was analyzed by Fourier transform infrared spectros-
copy (FTIR). In the next step, a mixture of CTA-COOH (700
mg, 2.51 mmol), 3-azido-1-propanol (380 mg, 3.76 mmol),
and dry DCM (40 mL) were added to a round flask equipped
with a magnetic bar and a rubber stopper. The solution was
cooled to 0 °C and filled with argon. Afterward, a solution of
EDC (720 mg, 3.76 mmol) and DMAP (50 mg, 0.38 mmol) in
DCM (10 mL) was added to the flask and allowed to react
under argon atmosphere at 0 °C for 2 h and then at room
temperature overnight. Then, the reaction mixture was
stopped, washed with water (100 mL, S times), and dried
over anhydrous Na,SO,. DCM was removed under reduced
pressure and the crude product was purified by column
chromatography [SiO, and hexane/ethyl acetate = 4/1 (v/v)].
The pure product (0.38 g, 42%) was analyzed by '"H NMR and
FTIR. All the methods are described in detail in the
Supporting Information.

Synthesis of the Azide-Terminated PHPMA macroCTA. N-
(2-Hydroxypropyl)methacrylamide (HPMA) monomer was
prepared as previously described.”’ The synthesis of PHPMA
macroCTA was conducted by RAFT polymerization. In a
Schlenk tube equipped with a magnetic stirrer, HPMA
monomer (1 g, 7 mmol) was dissolved in 6.62 mL of tert-
butanol. The solution was filled with argon for 15 min and
deoxygenated by three freeze—pump—thaw cycles. CTA-azide
(118.4 mg, 0.326 mmol) and the initiator AIBN (33.2 mg,
0.204 mmol) were dissolved in 0.736 mL of DMSO. This
solution was added to the Schlenk tube and another freeze—
pump—thaw cycle was completed. The tube containing the
pink solution was filled again with argon and placed into an oil
bath at 70 °C to start the polymerization reaction that took
place during 18 h and then quenched by exposing the reaction
mixture to air and liquid nitrogen. The polymerization solution
was precipitated in a cold mixture of acetone/diethyl ether (3/
1) followed by a centrifugation step to isolate the product. The
product was dissolved in a small amount of methanol and the
azide-terminated PHPMA macroCTA was purified by
Sephadex LH-20 using methanol as mobile phase. The product
was precipitated in cold diethyl ether and vacuum-dried to
yield a pink solid. The obtained polymer was characterized by
size exclusion chromatography (SEC) and 'H NMR.

Synthesis of Several Azide-Terminated Poly(N-(2-
hydroxypropyl)methacrylamide)-b-(2-(diisopropylamino)-
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ethyl methacrylate) (PHPMA,,-b-PDPA,) Block Copolymers.
In a Schlenk flask equipped with a magnetic stirrer, PHPMA
macroCTA azide (500 mg) was dissolved in MeOH (10 mL)
and different amounts of the monomer DPA dissolved in
dioxane (15 mL) and the initiator AIBN dissolved in DMSO
(100 uL) were mixed under stirring. The mixture was filled
with argon for 15 min. Three freeze—pump—thaw cycles were
performed, and the solution was filled again with argon for 15
min and placed into an oil bath at 70 °C to start the
polymerization that took place during 18 h and then quenched
by exposing the reaction mixture to air and liquid nitrogen.
The block copolymers were obtained after dialysis against
deionized water (pH =~ 3) during 48 h. The used membrane
had a molecular weight cut-off (MWCO) of 3.5—5.0 kDa and
the water was changed every 12 h. The block copolymers were
recovered by lyophilization and characterized by "H NMR and
SEC.

Coupling of Azide-Terminated Poly(N-(2-hydroxypropyl)-
methacrylamide)-b-(2-(diisopropylamino)ethyl methacry-
late) (PHPMA ;5-b-PDPA ;) to Cyanine 3-DBCO and Cyanine
5-DBCO. In an amber glass vial, 5.0 mg of the diblock
copolymer was dissolved in 1 mL of dimethylformamide under
stirring. The fluorescent dye (cyanine 3-DBCO or cyanine S-
DBCO) was added at molar ratio 3:1 (fluorescent dye/azide
terminated group) and the reaction was carried out overnight
in the dark. The solution was then dialyzed in a Float-A-Lyzer
MWCO 3.5—5.0 kDa against water for 24 h to remove free dye
and organic solvent. The Cy3-PHPMA;s-b-PDPA.; and CyS-
PHPMA;;-b-PDPA.5 conjugates were recovered by lyophiliza-
tion (yields of 58 and 32%, respectively).

Preparation and Characterization of Polymersomes.
The PHPMA,,-b-PDPA, block copolymers were dissolved in
tetrahydrofuran (THF)/MeOH (80/20) (v/v) to reach final
concentrations of 5.0 mg mL™". Polymersomes were produced
using the microfluidic device setup from Dolomite (Royston,
United Kingdom) equipped with a glass micromixer chip with
12 mixing stage micro-channels of 50 ym X 125 ym (depth X
width). The polymer solutions were pumped through the
middle channel and phosphate-buffered saline (PBS) (pH 7.4)
through the side channels using two independent Dolomite
Mitos P-Pumps (Royston, United Kingdom) controlled via a
computer software. The flow rates were adjustable parameters
and the polymer colloids were collected in vials and dialyzed
(MWCO 3.5-5 kDa) against PBS for 12 h to remove the
organic solvent. The PHPMA;s-b-PDPA,s polymersomes
containing Cy3—CyS Forster resonance energy-transfer
(FRET) pair dyes were also produced by microfluidics. The
supramolecular polymer assemblies were characterized by
dynamic light scattering (DLS), static light scattering (SLS),
electrophoretic light scattering (ELS), transmission electron
microscopy (TEM), and FRET measurements as described in
detail in the Supporting Information.

DOX Encapsulation and Release. The anticancer drug
DOX was encapsulated in the polymersomes by microfluidics.
The drug was dissolved in 5 yL of DMSO and further mixed
with the pre-prepared polymer solutions at 5.0 mg mL™". The
DOX feeding was 1.0 mg (representing 20% w/w). The flow
rates were preselected as 200 and 100 L min™" for water and
organic phase, respectively. The polymer colloids were
collected in vials and dialyzed against PBS for 24 h to remove
the organic solvent and unloaded DOX. The loading content
(LC) and loading efficiency (LE) of DOX were determined by
high-performance liquid chromatography (HPLC) (Ultimate
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3000 HPLC, Thermo Fisher Scientific) using a reverse-phase
column Chromolith performance RP-18e (100—4.6 mm,
eluent water—acetonitrile with acetonitrile gradient 0—100
vol %, flow rate = 1.0 mL min~'). The analytical curve with
linear response in the range 0.001—0.5 mg mL™" was recorded
and used to determine DOX contents. The values were
calculated using the standard equations

DOX amount in polymersomes

LC (%) = X 100
mass of polymersomes (1)

LE (%) = DOX amount in polymersomes % 100
DOX feeding )

The measurements were performed in triplicate and the
mean values are reported.

The DOX cumulative release was evaluated in aqueous
media with adjusted pH (7.4 and 5.5) at 37 °C by the dialysis
method. A pre-swollen cellulose dialysis membrane tube with
MWCO of 3.5—5.0 kDa (Spectra/Por Float-A-Lyzer G2) was
filled with 2.0 mL of DOX-loaded polymersomes at a
concentration of 0.5 mg mL™'. The membrane tube was
then immersed into 3 L of Milli-Q water at 37 °C and 350
rpm. Then, at predetermined times, 10 4L of the DOX-loaded
polymersomes was removed and diluted into 190 uL of DMSO
for determination of the remaining DOX measured by HPLC.

Biological Assays. Cell Culture. Mice breast 4T1 tumor
cells and B16F10 melanoma cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum and antibiotic solutions (penicillin 10 000 U
mL™" and streptomycin 10 000 yg mL™") at 37 °C in 5% CO,
atmosphere.

Cellular Uptake. Flow cytometry data were acquired to
quantify the cellular uptake of DOX-loaded polymersomes as
compared to the uptake of free DOX. The cells were cultured
into 96-well plates at a density of 10000 cells/well (B16F10)
or 5000 cells/well (4T1) in the cell culture medium and
incubated at 37 °C in CO, atmosphere for 24 h. The next day,
the cell culture medium was replaced by solutions containing
DOX-loaded polymersomes at a DOX concentration equal to
10 pug mL™". After incubation time (12 or 24 h), the cells were
washed three times with PBS buffer followed by trypsinization,
centrifugation, and resuspended in 200 xL of PBS medium for
flow cytometry analysis. The acquisitions (10 000 events per
sample) and data analysis were performed using a BD
FACSVerse flow cytometer and the FlowJo software,
respectively.

Cytotoxicity. BL6F10 and 4T1 cells were plated into 96-well
plates and allowed to adhere for 24 h. Subsequently, the cells
were exposed to DOX-loaded polymersomes at different
concentrations (the highest concentration was 1 ug mL_l)
diluted in culture medium for 24 h. The negative and positive
controls refer to untreated cells and cells treated with
concentrated H,0, solution (1% H,0, in DMEM). Cell
viability was evaluated according to the Invitrogen alamarBlue
protocol where 10 uL of the alamarBlue cell viability reagent
(Life Technologies, Czech Republic) was added to each well
and incubated for 3 h at 37 °C. The fluorescence of the
reduced fluorescent dye was then measured with a Synergy H1
plate reader (BioTek Instruments, USA) at excitation 4 = 570
nm and emission 4 = 600 nm.”> Complementarily, the cell
viability of DOX-free (unloaded) polymersomes was probed
by using the same protocol. The data are given as mean =+
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Figure 1. Synthetic route and molecular structure of the azide-terminated PHPMA macroCTA (top) and the diblock copolymers PHPMA,,-b-

PDPA, (bottom).

Table 1. Synthesis Parameters and Molecular Characteristics of the Produced PHPMA,,-b-PDPA,, Block Copolymers

block copolymer [M]o/[CTA]y/[1] M, SEC (g:mol™")
PHPMA,;-b-PDPA, 50/2/1 10 600
PHPMA,-b-PDPA,; 100/2/1 14200
PHPMA,-b-PDPA 150/2/1 21000

M,/M, conversion (%) yield (%) wt (%) PHPMA
1.28 69 53 S3
1.09 68 58 3S
1.0 72 56 24

standard deviation (SD) and statistical differences were
determined by Student’s unpaired t-test.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Block Copoly-
mers. The poly([N-(2-hydroxypropyl)]methacrylamide)-b-
poly[2-(diisopropylamino)ethyl methacrylate] (PHPMA,,-b-
PDPA,,) diblock copolymers were successfully synthetized by
RAFT polymerization. First, the azide-terminated PHPMA
macro chain-transfer agent (azide-macroCTA) was synthesized
(M, = 5000 g mol™", M,,/M, = 1.06) and used as macroCTA.
The FTIR, 'H NMR, and SEC data are provided in the
Supporting Information (Figures S1 and S2). Subsequently,
the second block was grown from the macroCTA also by
RAFT as depicted in Figure 1.

Although the azide groups are known to be unstable at high
temperature as they might promote 1,3-cycloaddition reactions
at polymerization environments (~70 °C);****** this issue is
minimized for methacrylamide monomers (such as HPMA)
because of their low reactivity and the presence of the
methylene group at the double bond of the monomer, thereby
causing steric hindrance and precluding the undesirable side
reactions.””*>*® Indeed, the presence of the azide groups in
the final products was confirmed by FTIR spectroscopy
(Figure S1—Supporting Information) and 'H NMR spectros-
copy where the presence of the methylene (CH,) groups (m, ],
k) adjacent to the azide group is seen (Figure S2—Supporting
Information). Moreover, the azide group functionality was
further confirmed by the effective coupling of the DBCO-
cyanine dyes via a copper-free click chemistry reaction
(discussed hereafter).

The weight-average molecular weight (M,,), number-average
molecular weight (M,), and polydispersity (M,,/M,) of the
polymer chains were estimated by SEC (Table 1 and Figure
S3) and the values of M, /M, agree with those expected in
RAFT polymerization of methacrylamides.”” The degrees of
conversion (~70%) are higher than those obtained by using
methacrylate-based macroRAFT agent to initiate the polymer-
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ization of methacrylamide monomer (this approach was also
tested). '"H NMR (representatively available for PHPMA-b-
PDPA;; as shown in Figure 2) was used to determine the
hydrophilic-to-hydrophobic weight ratios.

b 8
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Figure 2. 'H NMR spectrum of PHPMA;;-b-PDPA,¢ diblock
copolymer obtained in D,0/DCl (pH = 2).

The summary of data reported in Table 1 highlights the
production of block copolymers with narrowly distributed
molecular weights (M,,/M, < 1.25) ranging from 10.6 to 21.0
kDa and PDPA content enabling the production of
thermodynamically stable polymersomes.

Microfluidic-Assisted Engineering of pH-Responsive
Polymersomes. The microfluidic-assisted approach was
employed to precisely control the size, morphology, and
polydispersity of the self-assembled nanostructures. The
experimental procedures were conducted by using microfluidic
chips with a micromixing design (Figure 3A,B) for the
manufacturing of DOX-free and DOX-loaded polymersomes.
The first step regarded the optimization of an organic solvent
mixture to properly dissolve the diblock copolymers. We have
selected THF/MeOH 80/20 v/v as the organic phase and PBS
(pH 7.4) as the aqueous phase. The self-assembly of
PHPMA,-b-PDPA,; (f ~ 53%) resulted in small particles
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Figure 3. Optical microscopy image of the microfluidic chip depicting the micromixer input orifice where mixing occurs in (A) focused stream and
in (B) mixing chambers. Distributions of Ry; for PHPMA;;-b-PDPA,5 polymersomes produced using different flow rates (aqueous phase/organic

phase) in yL min~" (C).

(Figure S4) and the average size (Ry = 15.3 nm) is not
compatible with polymer vesicles. Indeed, because of the high
amount of PHPMA in the copolymer chains, core—shell
nanoparticles were presumably obtained (micelles). On the
other hand, polymer vesicles were predominantly produced
from PHPMA,;-b-PDPA,; (f ~ 35%) and PHPMA-b-

PDPA, (f ~ 24%) as confirmed by TEM images (Figures 4

Figure 4. TEM image of PHPMA;;-b-PDPA,; polymersomes
engineered by microfluidics at aqueous/organic phase flow rates
200/100. (Negatively stained with uranyl acetate, see Supporting
Information.)

and S4, respectively) in agreement with the related
literature.”®*” Additionally, the values of the structure-sensitive
parameter p = R;/Ry =~ 1 and the very low numbers for
particle density (Table 2) are robust experimental evidence of
the presence of hollow spheres (polymersomes). Indeed, the
presence of small particles in addition to the vesicles was
observed for self-assembled structures made by PHPMA;-b-

PDPA,;, and therefore, we have decided to use the block
copolymer PHPMA;-b-PDPA,s for further investigations
regarding the influence of flow rates on the final properties
of the assemblies. The flow rate of the aqueous phase was a
variable parameter (50, 100, and 200 L min~") while keeping
the flow rate of the organic phase constant (100 L min™").
The results are reported in Figure 3 and Table 2.

The precise control over the mechanical parameters of the
microfluidic device enabled the manufacturing of highly
reproducible polymersomes over different batches. The data
displayed in Table 2 demonstrate a reduction in size as the
consequence of increasing the flow rate. This is explained by
the reduction in mixing time between the phases, thereby
leading to faster aggregation kinetics and smaller particles.”'
Taking into account that the assembly process into polymer-
somes is based on nucleation and aggregation, which takes
place at the periphery of the focused stream, the increase in the
flow rate of the water streams led to the reduction of the width
of the focused polymer solution stream, resulting in a decrease
of the length of diffusion between the polymer solution and
water. Thus, as the width of the focused stream is reduced by
the increase of the water flow rate, faster mixing between the
phases and faster nucleation and aggregation take place,
leading to production of smaller polymersomes nanoparticles.
The TEM image of PHPMA,;-b-PDPA,; polymersomes
produced using the flow rates of 200 and 100 yL min~" (for
water and organic phases, respectively) is portrayed in Figure 4
and demonstrates the engineering of quasi-monodisperse
vesicles.

The values of the structure-sensitive parameter (p = Rg/Ry;)
ranging from 0.94 to 1.08 also suggest the prevalence of highly
hydrated objects compatible to hollow spheres (vesicles). The
values of R; were determined using the SLS data given in
Figure SS. The values of aggregation number (Nagg = M, of
polymersomes obtained by SLS/M,, of block copolymers

Table 2. Physicochemical Characteristics of the PHPMA;;-b-PDPA,; Polymersomes Produced by Microfluidics

flow rate (WP/OP) Ry (nm) Rg (nm) p = Rg/Ry
50/100 89.6 84.1 0.94
100/100 75.5 80.5 1.06
200/100 56.9 61.7 1.08

PDI

0.05
0.06
0.06

8367

M,y (psomes) (107 g mol™") d (g mL™) Nugg ¢ (mv)
3.89 0.02 1850 —4.1
2.07 0.02 948 -3.5
1.64 0.04 779 -38
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obtained by SEC) are higher for larger polymersomes.
Nevertheless, numbers ranging from ~800 to 2000 are
expected for self-assembled structures larger than 2Ry = Dy
~ 100 nm.”” The {-potential of the manufactured polymer-
somes is small and slightly negative, which is indeed desired
because higher positive or negative values are normally linked
to fast blood clearance of colloidal carriers.*'~*

The most remarkable features of the produced polymer-
somes are their low polydispersity (PDI < 0.1) and the precise
control over size provided by using the microfluidic approach.
Indeed, the manufacturing of polydisperse samples, poor
control over size, and low drug LC and encapsulation
efficiency”” are the main drawbacks of the common protocols
(thin-film rehydration and pH-switch, for instance) used to
manufacture polymersomes. This can be evidenced by
comparing the results with those reported in Figure S6
which portrays the distributions of size and TEM image for
PHPMA;5-b-PDPA;s polymersomes produced by thin-film
rehydration and pH-switch. The final structures are bigger
(Ry 100 nm), polydisperse (PDI > 0.2), and the
manufacturing is time consuming. Therefore, the importance
of the current data relies primarily on the actual possibility of
preparing highly uniform nanoparticles because such particles
commonly exhibit more consistent biodistribution and cellular
uptake.** Accordingly, this result represents an important
contribution to progresses in the field. Additionally, the
possibility of finely tuning the particle size via changes in the
mechanical variables of the microfluidic protocol is particularly
relevant because the solid tumor porosity largely depends on
tumor location. Indeed, 600 nm-sized particles can still be
accumulated to greater extents in hypervascular tumors (such
as those located in the lungs), although only much smaller
particles (~30 nm) are able to penetrate poorly permeable
tumors (such as those located in the prostate and pancreas).
Hence, our system presents a very advantageous property in
the possibility of tuning by microfluidics the size of drug-
loaded polymersomes to promote enhanced vascular perme-
ability and retention according to the characteristics of the site
of action (particularly, the porosity and degree of vascularity of
the targeted tumor).

pH-Responsive Behavior of the Polymersomes. The
pH-dependent assembly—disassembly behavior of the environ-
mentally responsive nanostructures has been evaluated using
ELS and FRET measurements. The values of {-potential and
light scattering intensity versus pH are given in Figure S for
PHPMA,-b-PDPA .

The presence of PHPMA in the polymer chain does not
alter remarkably the pK, of the pH-responsive block (PDPA)
because the hydrophilic-to-hydrophobic transition evidenced
in the pH range 6.5—6.8 is compatible to values found in the
literature for a variety of PDPA-containing materials.">*~*
Therefore, the block copolymer behaves as protonated single
dissolved polymer chains at pH < 6.5 (positive {-potentials
were registered), whereas self-assembled nanostructures are
present at pH > 6.8. As the light scattering intensity is
proportional to the mass of the scattering object, the
disassembly of the vesicles at acidic pH is accompanied by a
remarkable reduction in the light scattered by the polymer
system.

Additionally, FRET measurements have been used to
complement the assembly—disassembly investigations. The
pair dyes cyanine 3-DBCO (Cy3-DBCO) and cyanine S-
DBCO (CyS-DBCO) were covalently bound to the block

~
~
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Figure S. {-potential (squares) and overall light scattering intensity
(circles) vs pH for PHPMA,-b-PDPA. in aqueous solution (c = 1.0
mg mL™).

copolymer via copper-free click chemistry and the polymer-
somes were produced by microfluidics using a mixture
80:10:10 m/m/m of PHPMAy-b-PDPA,, Cy3-PHPMA,-b-
PDPA;;, and CyS-PHPMA;s-b-PDPA,;. The coupling and
formation of dual-fluorescent Cy3—CyS-polymersomes was
evaluated by fluorescence lifetime correlation spectroscopy
measurements (Figure S7). The determined values of diffusion
time (7, = 3.69 ms for Cy3-channel and 7j, = 3.53 ms for CyS-
channel) are very similar, suggesting that both dyes were
successfully conjugated to the block copolymer chains, thereby
making part of the self-assembled structure. The FRET
principle considers the nonradiative energy transfer between
a fluorescent donor (Cy3) and an acceptor (CyS) and it has
been applied to evaluate the assembly—disassembly behavior of
the manufactured polymersomes at different pH environments:
7.4 (mimicking the bloodstream), pH 5.5 (mimicking
intracellular pH of cancer cells), and pH < 3.0 (extreme
condition). The FRET efficiency is mathematically described
by eq 3, where R, is the Forster distance between donor and
acceptor at which the FRET efliciency is 50% and R is the
donor-to-acceptor separation distance. The FRET efficiency
can also be determined using eq 4, where 7p, and 7y are the
fluorescence lifetime of the donor in the presence and in the
absence of an acceptor, respectively.*’

R.6
E= 60 6
R,’ — R (3)
E=1-DA
D (4)

Eq 4 was used to calculate the FRET efficiency and obtain
the FRET efficiency distributions reported in Figure 6. The
value for Cy3—CyS-polymersomes at pH 7.4 was determined
as E = 53.5 + 0.2 and it increases to 80.0 + 0.1 and 80.2 + 0.1
when the assemblies were exposed to pH 5.5 and 3.0,
respectively. These values certainly reflect variations between
pH 7.4 and the acidic pH (pH 5.5 and 3.0) in the structure of
the polymersomes mediated by environmental conditions. The
protonation of PDPA takes place at pH < pK, = 6.8, which
increases the FRET efficiency. The unavoidable disassembly of
the structures modifies both 7p, and 7p values in eq 4.
Possibly, the pH-induced disassembly and consequently the
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Figure 6. FRET efliciency histograms of Cy3—CyS-polymersomes
incubated in PBS pH 7.4 (gray bars), acetate buffer pH 5.5 (green
bars), and acid solution pH = 3.0 (blue bars, adjusted with HCI 1 mol
L.

presence of free chains lead to the reorganization of the dyes in
order to avoid as much as possible the contact with the polar
solvent. Cyanine 3-DBCO and cyanine 5-DBCO are highly
hydrophobic and therefore the presence of both dyes in a self-
organized nonpolar environment within each free-block
copolymer chain reduce considerably the inter dye distance,
thus increasing the FRET efliciency.

Accordingly, the pH-dependent behavior of the synthesized
monodisperse PHPMA;;-b-PDPA,; polymersomes can be
exploited for the delivery of therapeutic agents into specific
sites of action (for instance, the slightly acidic microenviron-
ment of tumor sites)."”®

In Vitro Evaluations of DOX-Loaded Monodisperse
Polymersomes. The monodisperse PHPMA;.-b-PDPA,¢
polymersomes were loaded with DOX and in vitro evaluations
were further performed. The DOX was dissolved in DMSO
and added to the block copolymer organic solutions before the
microfluidic-assisted fabrication of the polymer vesicles. This
has been defined as the more efficient protocol to increase
DOX LC and DOX LE. The remaining (unloaded) DOX was
removed by dialysis against PBS using a Float-A-Lyzer with
MWCO of 3.5—5 kDa. The LC and LE were determined by
HPLC (LE = 53.1%; LC = 9.8%). The DOX encapsulation did
not substantially affect the polymersome size (Ry = 56.9 nm—
DOX-free and Ry = 52.8 nm—DOX-loaded) or morphology.
The DOX release was evaluated in pH 7.4 and 5.5 and the
results are given in Figure 7.

© DOX-PHPMAg5-b-PDPAs at pH 7.4
i DOX-PHPMAs-b-PDPAs at pH 5.5

-
(=3
=3

Cumulative Release (%)
o
o

o

time (h)

Figure 7. DOX cumulative release from DOX-PHPMA;-b-PDPA;4
polymersomes at pH 7.4 (open circles) and pH 5.5 (filled squares).
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The data reported in Figure 7 evidence that more than 50%
of loaded DOX is released after 4 h at pH 5.5. The values are
80 and 90% after 24 and 48 h, respectively. On the other hand,
11 and 14% of the therapeutic agent are released within 12 and
24 h at pH = 7.4, respectively. Indeed, the cumulative release
after 48 h reaches only 25% in such environment. These results
suggest that the pH-responsive polymersomes at pH > pK, are
stable and able to carry the anticancer drug in the bloodstream
without pronounced drug leakage. Conversely, at pH < pK,,
the polymersomes are triggered and the vesicles are physically
disassembled, thereby quickly releasing the loaded active agent.

Subsequently, the cellular uptake and cytotoxicity of the
DOX-loaded polymersomes were evaluated. The self-assem-
blies are stable in the cell culture medium without
experimental evidence of aggregation over the time scale
probed—24 h (Figure S8—Supporting Information). The
cellular uptake experiments were performed by flow cytometry
using breast (4T1) and melanoma (B16F10) cancer cell lines.
The DOX-loaded polymersomes and free DOX were added to
the cells at equivalent concentrations. The mean fluorescence
intensity (resulting from DOX uptake) was measured and the
quantitative data are portrayed in Figure 8A,B.

The reported results provide evidence that free DOX is
uptaken in higher amounts than DOX loaded into polymer-
somes. Indeed, free DOX can freely diffuse throughout the cell
membrane,'* whereas entrapped DOX can only be uptaken by
endocytosis. This might, at least to some extent, explain the
results reported in Figure 8 (top). In the next step, the in vitro
therapeutic effects of free DOX (control) and DOX-
PHPMA;;-b-PDPA.s polymersomes were evaluated by using
the alamarBlue assay. The assemblies were incubated with cells
for 24 h and the results are portrayed in Figure 8C,D. The
DOX-free (unloaded) polymersomes are not toxic to BI6F10
and 4T1 cells (Figure S9—Supporting Information file),
whereas DOX-loaded PHPMA;;-b-PDPA.¢ polymersomes are
evidenced to be cytotoxic to both cell lines. The ICs, value for
free DOX and DOX-PHPMA;;-b-PDPA,5 polymersomes are
~0.234 and ~0.075 pg mL™', respectively, for 4T1 cells
(measured after 24 h of incubation time), whereas inversed
values were determined for B16F10 cells (~0.186 and ~0.367
ug mL™' for free DOX and DOX-PHPMA;,-b-PDPA
polymersomes, respectively). This is supposed to be associated
with particular features and metabolic differences among the
cell lines. Nevertheless, the reported cytotoxicity of free DOX
and DOX-PHPMA;-b-PDPA,s polymersomes is similar at
higher concentrations, pointing out the effectiveness of the
formulation against the investigated cancer cell lines. There-
fore, although free DOX is uptaken to higher extent, the
biological activity is similar to that of DOX loaded into
polymersomes, suggesting that nonencapsulated DOX is more
susceptible to intracellular degradation, thus justifying the
similar levels of cell viability.

B CONCLUSIONS

We demonstrate the use of microfluidic technology to engineer
quasi-monodisperse pH-responsive polymersomes. The proto-
col also enables DOX encapsulation into the aqueous milieu of
the hollow spheres. The microfluidic manufacturing allowed
the control over the whole manufacturing process leading to
monodisperse (PDI < 0.10) polymersomes with desired size
(Ry = 50 nm) for cellular uptake via endocytosis. This is
particularly important toward homogeneous biodistribution
and cellular uptake. Additionally, the vesicle size can be finely
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Figure 8. Quantitative flow cytometry data for free DOX and DOX-PHPMA,;-b-PDPA,; polymersomes uptaken by BI6F10 (A) and 4T1 (B)
cancer cells (the mean fluorescence intensities were collected per 10 000 events and the results are expressed as mean = SD—n = 3) and cellular
viability performed in B16F10 (C) and 4T1 (D) cells after 24 h incubation time as a function of free-DOX concentration or DOX equivalent
concentration loaded into DOX-PHPMA ;-b-PDPA. 5 polymersomes. *p < 0.05 vs free-DOX.

tuned by playing with the mechanical parameters inherent to
the process, particularly the organic and/or aqueous flow rates.
We understand these findings as of due relevance within the
framework of nanoparticle-based cancer therapies because the
leaky vasculature is distinct from tumor to tumor and therefore
the size of nanocarriers influences vascular permeability. The
possibility of scale-up production of nanoparticles with
precisely tuned size may enhance the efficacy of therapies
because the assemblies can be engineered bearing in mind
tumor location and characteristics (particularly, the porosity).
Furthermore, the pH-responsive drug-loaded polymersomes
demonstrated sufficient levels of cellular uptake, and they are
cytotoxic to tumor cells (B16F10 and 4T1) at similar levels
compared to free administrated DOX. These features
encourage the use of such assemblies as a potential platform
to target damaged cells while preserving healthy environments
during systemic circulation.
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ARTICLE INFO ABSTRACT

Keywords: The delivery of therapeutics into sites of action by using cargo-delivery platforms potentially minimizes their
Nanomedicine premature degradation and fast clearance from the bloodstream. Additionally, drug-loaded stimuli-responsive
pH-responsive polymersomes supramolecular assemblies can be produced to respond to the inherent features of tumor microenvironments,
Ezzzz‘jg?zcﬁvity such as extracellular acidosis. We report in this framework the use of pH-responsive polymersomes (PSs) man-
Cardiotoxicity ufactured using poly([N-(2-hydroxypropyl)] methacrylamide)ss-b-poly[2-(diisopropylamino)ethyl methacry-

late]7s as the building unit (PHPMAg3s5-b-PDPA75). The self-assemblies were produced with desired size towards
long circulation time and tumor accumulation (hydrodynamic diameter - Dy ~ 100 nm), and they could be
successfully loaded with 10% w/w DOX (doxorubicin), while maintaining colloidal stability. The DOX loaded
amount is presumably mainly burst-released at the acidic microenvironment of tumors thanks to the pH-
switchable property of PDPA (pKa ~ 6.8), while reduced drug leakage has been monitored in pH 7.4.
Compared to the administration of free DOX, the drug-loaded supramolecular structures greatly enhanced the
therapeutic efficacy with effective growth inhibition of EL4 lymphoma tumor model and 100% survival rate in
female C57BL/6 black mice over 40 days. The approach also led to reduced cardiotoxic effect. These features
highlight the potential application of such nanotechnology-based treatment in a variety of cancer therapies
where low local pH is commonly found, and emphasize PHPMA-based nanomedicines as an alternative to
PEGylated formulations.

development of new strategies to improve the efficacy of chemothera-
peutic agents, as well as to reduce side effects, is still challenging.
Anthracycline doxorubicin (DOX) is one of the most efficient drugs used

1. Introduction

The most recent survey by the International Agency for Research on

Cancer reported that the global mortality related to this malignancy was
approximately 9.6 million in 2018 [1] (21% higher than in 2008) [2].
This number is predicted to be as high as 19.3 million by 2025 [3],
calling for improvements in cancer therapies [4,5]. In this framework,
the recent approaches have embraced the design of nanocarriers that
can navigate the body and deliver payloads at desired sites. Indeed,
chemotherapy is one of the key treatments to fight cancer, but the

in chemotherapeutic treatment of lymphoma, acute myeloid leukemia,
and breast cancers [6-8]. Nevertheless, side effects such as short blood
circulation time and cardiotoxicity limit its use. Truly, DOX cardiotox-
icity is of due relevance, and life-threatening heart problems may last for
years after treatment [8-10]. Accordingly, DOX-based nanomedicines
are currently considered to overcome such noteworthy drawback.

The most successful DOX-loaded carriers are currently the PEGylated
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liposomal formulations Caelyx® and Doxil®. These are approximately
100 nm-sized vesicles with 10,000-15,000 encapsulated DOX molecules
[11,12]. They are frequently employed as nanotechnology-based
chemotherapeutic agents [13]. Nevertheless, despite 60-fold increase
in the fraction of the recovered dose in the blood, 4-fold increase in the
recovered dose in the liver-spleen, and 25-fold increase in the recovered
dose in tumors, the formulations still compromise the effectiveness of
treatments due to a lack of specificity and DOX leakage during blood
circulation. These issues result in several side effects including hand-foot
syndrome [11,14], mouth pain (stomatitis) [11], low white blood cell
count, low platelet count, anemia, pseudoallergy [15,16], nausea and
vomiting. Furthermore, another important consideration associated to
the administration is the presence of anti-PEG antibodies in the immune
system as caused by the reuse of PEG-based drugs and formulations
[17-19]. Several reports have highlighted reduced therapeutic effect of
PEG-based nanomedicines due the accelerated blood clearance (ABC)
phenomenon mediated by the anti-PEG antibodies [19-22]. For
instance, it has been demonstrated that PEG-modified liposomes induce
an IgM response, which results in pronounced ABC after the second
injection. Conversely, this phenomenon has not been observed for li-
posomes stabilized by other water-soluble polymers, including PHPMA
[23,24].

Taking these considerations into account, we aimed to fundamen-
tally contribute in circumventing such drawbacks by designing DOX-
loaded, stimuli-responsive polymeric vesicles (polymersomes) capable
of responding to the inherent features of tumor microenvironments. This
strategy may in principle enhance the therapeutic outcomes, and reduce
the side-effects of the widely used DOX. In this regard, recent advances
in controlled-living polymerization processes have encouraged the
preparation of a wide range of macromolecules with controllable ar-
chitecture, functionality, composition and topology, thereby allowing
the engineering of self-assemblies where membrane thickness, flexi-
bility, size, permeability and responsiveness can be controlled [25-28].
Hence, polymersomes (PSs) can be made responsive to a variety of
stimuli, including pH, redox potential, light, magnetic field, temperature
and the presence of specific enzymes. In this framework, it is well
documented that the extracellular and subcellular compartments in
tumor sites are characterized by a slightly acidic pH (ranging from 6.2 to
6.8, depending on the tumor site and tumor aggressiveness), as a
consequence of the high metabolic rate of cancer cells, thereby leading
to the accumulation of H' ions in the tumor microenvironment [29,30].
Therefore, the use of DOX-loaded pH-responsive polymersomes able to
transport the cargo while navigating through healthy tissues (pH ~ 7.4),
and also able to rapidly release the payload under environmental con-
ditions typically found in tumors (for instance the slightly acid pH), is
presumably a suitable strategy to enhance the therapeutic efficacy,
while reducing the side effects of DOX. This goal was herein hypothe-
sized by using the hydrophilic-hydrophobic pH-responsive polymer poly
(2-(diisopropylamino)ethyl methacrylate (PDPA) at the composition of
the building unit of the polymersomes. The PDPA becomes hydrophilic
when the pH drops to values lower than its pKa ~ 6.8 [31]. The polymer
poly(N-(2-hydroxypropyl) methacrylamide (PHPMA) was chosen as the
hydrophilic stabilizing segment due to its protein-repelling character-
istics, and the possibility of avoiding accelerated blood clearance
[23,32,33].

Nevertheless, although the usefulness of pH-responsive polymer-
somes for such purpose is clear, the preparation of polymeric vesicles by
using standard protocols usually leads to relatively polydisperse as-
semblies with poor control over the average size [34]. Additionally, the
presence of multiple morphologies is frequently observed. This issue can
be circumvented, for instance, by fabricating the assemblies using a
microfluidic technique, as previously demonstrated by us [35]. The
control over the mixing conditions enables high reproducibility, narrow
size distribution and the tuning of the final size of the self-assemblies
[36]. The encapsulation of active agents into size-defined and nearly
monodisperse PSs may provide enhanced therapeutic effect due to a
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more homogenous biodistribution of the therapeutic agent in the target
site. The herein produced DOX-loaded pH-responsive vesicles were
characterized in detail by light and small-angle X-ray scattering, and
directly imaged by cryogenic transmission electron microscopy (cryo-
TEM). The effectiveness of the DOX-loaded assemblies was evaluated in
vitro by assessing the cellular uptake behavior and cell viability, and in
vivo by assessing the biodistribution of the assemblies and their anti-
tumor efficacy in mice bearing EL4 lymphoma model. The experimental
data were compared whenever appropriate with the administration of
free DOX.

2. Experimental section
2.1. Materials and chemicals

The monomer 2-(diisopropylamino)ethyl methacrylate (DPA, 97%,
Sigma Aldrich, Czech Republic) was purified by vacuum distillation
prior to use. The initiator 2,2'-azobis(2-methylpropionitrile) (AIBN,
Sigma Aldrich, Czech Republic) and the chain-transfer agent, 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CTA-COOH, Sigma Aldrich,
Czech Republic) were used as received. The solvents methanol (MeOH),
dimethyl sulfoxide (DMSO), tert-butanol and 1,4-dioxane (Dioxane),
and the chemicals sodium sulfate (NaySO,4), magnesium sulfate
(MgSO4), sodium azide (NaNg), 3-chloro-1-propanol, N-(3-dimethyla-
minopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, 98%), doxoru-
bicin (DOX) and Human plasma were purchased from Sigma Aldrich
(Czech Republic). The fluorescent dye dibenzylcyclooctyne-Cyanine7
(Cy7) was purchased from Jena Bioscience (Germany). Dichloro-
methane (DCM) and acetone were purchased from Lachner (Czech Re-
public). All the solvents were dried over molecular sieves (48 h) prior to
use.

2.2. Synthesis and characterization of the pH-responsive PHPMA 35-b-
PDPA 75 block copolymer

The synthesis of the block copolymer PHPMA3s5-b-PDPA75 was per-
formed by RAFT polymerization, and designed to have appropriate hy-
drophobic fraction towards the fabrication of polymeric vesicles [35].
Firstly, the azide-terminated PHPMA macro-CTA was synthesized in a
Schlenk tube equipped with a magnetic stirrer. The HPMA monomer was
dissolved in tert-butanol, and the solution was filled with argon for 15
min followed by deoxygenation by three freeze-pump-thaw cycles. CTA-
azide and the initiator AIBN were dissolved in a small amount of DMSO,
this solution was added to the Schlenk tube, and another freeze-pump-
thaw cycle was completed. The tube was filled with argon and placed
into an oil bath at 70 °C to start the polymerization reaction (18 h),
followed by quenching in liquid nitrogen. The product was then
precipitated in a cold mixture of acetone/diethyl ether (3/1), further
purified by Sephadex LH-20 in methanol, precipitated in cold diethyl
ether, and finally vacuum-dried, resulting in a pink solid. Subsequently,
in a Schlenk flask with a magnetic stirrer, the PHPMA macro-CTA azide
was dissolved in MeOH (10 mL), DPA monomer was dissolved in
dioxane (15 mL), and the initiator AIBN was dissolved in DMSO (100
pL), and they were mixed under stirring. The mixture was filled with
argon, followed by three freeze-pump-thaw cycles, and the solution was
refilled again with argon for 15 min. The tube was placed into an oil bath
at 70 °C for 18 h, and then quenched by exposing to air and liquid ni-
trogen. The block copolymer was obtained after dialysis against deion-
ized water at pH ~ 3.0 for 48 h. The block copolymer was recovered by
lyophilization and characterized by H NMR and size exclusion chro-
matography (SEC). The block copolymer PHPMA35-b-PDPA7;5 with M,
=22,000 g-mol’l and D = (M,,/M,) = 1.05 has its details concerning the
synthetic approach and molecular characterization is described else-
where [31,35,37].



L.J.C. Albuquerque et al.

2.3. Synthesis and characterization of the Cy7-PHPMA 35-b-PDPA 75
conjugate

The coupling between the fluorescent dye Cyanine 7-DBCO (Cy7)
and the azide-terminated block copolymer was performed by dissolving
30 mg of the diblock copolymer in 1 mL of DMF in an amber glass vial
under stirring. The fluorescent dye (Cyanine 7-DBCO) was further added
to the vial at molar ratio 3:1 (fluorescent dye/azide terminated group),
and the reaction was carried out overnight in the dark. Afterwards, the
solution was dialyzed using a float-A-lyzer MWCO 3.5-5.0 kDa against
water for 24 h to remove free-dye and the organic solvent. The Cy7-
PHPMA35-b-PDPA7s block copolymer conjugate was recovered by
lyophilization with a yield of 56%.

2.4. Manufacturing and characterization of the pH-responsive
polymersomes

The DOX-free and DOX-loaded PSs were produced by microfluidics.
The block copolymer PHPMAg3s-b-PDPA75 (5.0 mg) was dissolved in
THF/MeOH (60/40) (v/v), and the organic solution was pumped
through the middle channel of a microfluidic device (Dolomite, United
Kingdom) equipped with a glass Micromixer chip of 12 mixing stages
micro-channels with 50 pm x 125 pm (depth x width) and 3 inlet
channels. The PBS buffer (pH 7.4) was pumped through the side chan-
nels. The solutions were pumped to the microfluidic device using two
independent Dolomite Mitos P-Pumps controlled via PC software. The
flow rates were 200 pL-mL~! (water phase) and 100 pL-mL~! (organic
phase). The polymer colloids were collected in vials and dialyzed against
PBS (pH 7.4) during 12 h to remove the organic solvent. The preparation
of the DOX-loaded PSs was conducted essentially using the same pro-
cedure with DOX dissolved in DMSO (5 pL) and mixed to the organic
phase at drug feeding 20% w/w. The Cy7-labeled PSs were prepared in
the same way using a mixture 1:1 w/w of PHPMAg35-b-PDPA75 and Cy7-
PHPMAg35-b-PDPA7s. The assemblies were characterized by dynamic
(DLS) and electrophoretic (ELS) light scattering, besides small-angle X-
ray scattering (SAXS) and cryogenic transmission electron microscopy
(cryo-TEM). The details concerning these methods are given in the
Supporting Information File.

2.5. Determination of DOX loading content and DOX encapsulation
efficiency

The DOX loading content (DLC) and loading efficiency (LE) were
determined by HPLC. The quantities were determined by using an
analytical curve with a linear response in the range 0.001-0.5 mg-mL "
The values were calculated using the following equations:

DOX amount in PSs

DL =
C (%) Mass of PSs

X 100 (€8]

DOX amount in PSs

X 100
DOX Feeding

LE (%) = @
The measurements were performed in triplicate and mean values are

reported.
2.6. In Vitro DOX Release

The in-vitro DOX cumulative release was evaluated by the dialysis
method in PBS buffer at pH 7.4 (with and without 1% human plasma),
PH 6.6, and in acetate buffer at pH 5.5. A pre-swollen cellulose dialysis
membrane tube with MWCO 3.5-5 kDa (Spectra-Por® Float-A-Lyzer®
G2) was filled with 2.0 mL of DOX-loaded PSs at 0.5 mg-mL~!. The
membrane tube was then immersed into 3 L of the buffers at 37 °C under
stirring (500 rpm). At pre-determined times, 10 pL of the DOX-loaded
PSs was taken from the membrane tube and diluted into 190 pL of
DMSO to determine the amount of remaining DOX as measured by
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HPLC.
2.7. Biological assays

2.7.1. Cell culture

The T lymphocyte human Jurkat cells (ATCC, Poland) were cultured
in RPMI-1640 medium supplemented with 100 units of penicillin and
100 pg-mL~! streptomycin (Life Technologies, Czech Republic) with
fetal bovine serum at a concentration of 10% v/v. The T lymphocyte
mouse EL4 cells (ATCC, Poland) were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 100 units of penicillin and
100 pg-mL~! streptomycin (Life Technology, Czech Republic). They
were cultured at 37 °C with 5% CO5 in 25 cm? flasks.

2.7.2. Cellular uptake

Flow cytometry analyses were used to quantify the cellular uptake of
DOX-loaded PSs as compared to free DOX (the DOX content was set to
10 pg-mL™Y). The T lymphocyte cells (1 x 10° cells per well) were
seeded into 24-well plate the day before incubation. The DOX-loaded
PSs and free DOX were incubated for 2 h in 5% CO, and 37 °C. After
the incubation time, the cells were centrifuged (1 500 rpm) and resus-
pended in 0.5 mL of PBS with 0.5% v/v BSA (this has been repeated two
times). The data were acquired using a FACS Verse (Becton Dickinson)
flow cytometer (10 000 events per sample) and they were further pro-
cessed using the FlowJo software V7.6.1. The mean fluorescence in-
tensity (MFI) values were determined and untreated cells were used as
negative control. All samples were measured in triplicate in three in-
dependent experiments.

2.7.3. Cell viability

The T lymphocyte cell viability was determined using the Alamar
Blue® reagent (Life Technologies, Czech Republic) according to the
manufacture’s protocol. The cells were seeded into 96-well plates (1 x
10* cells per well) and allowed to adhere for 24 h. Subsequently, the
cells were exposed to serial dilutions of DOX-loaded PSs, DOX-free PSs
and free DOX added to the medium at volume of 10 pL for 72 h in 5%
CO4 atmosphere at 37 °C. Subsequently, 10 pL of Alamar Blue® reagent
was added to each well and incubated for 4 h in 5% CO; atmosphere at
37 °C. Resorufin, which is reduced from resazurin, is the active com-
pound of the Alamar Blue® reagent. Resorufin is highly fluorescent only
in the presence of viable cells, and the fluorescence intensity was
measured with a Synergy Neo plate reader (Bio-Tek, Prague, Czech
Republic) at Aexy = 570 nm and Aep, = 600 nm. The negative control refers
to untreated cells. All samples were measured in triplicate in three in-
dependent experiments.

2.7.4. Biodistribution

The biodistribution experiments were performed using female
athymic nude foxnl™ mice obtained from AnLab (Prague, Czech Re-
public). They were kept in a specific pathogen-free environment at
constant temperature (21.5 + 0.5 °C) and humidity (55 + 5%), 15 air
changes/h and 12 h light/dark cycle. Lymphoma EL4 cancer cells (5 x
10° cells) were injected subcutaneously into their right flank. After 7
days, the animals were divided into 2 groups (n = 4). The first group was
treated with free dye (free Cy7) and the second with Cy7-PHPMAgs-b-
PDPAys5 PSs. The Cy7 amount was set to 100 ng-mL ™" and 200 L of the
solutions were injected in the tail vein. The fluorescence signals were
detected by using the In Vivo Xtreme Imaging System (Bruker, Germany)
with excitation and emission filters of 750 nm and 830 nm. During the
measurements, the mice were imaged at serial time points under inha-
lation anesthesia with 2% isoflurane (Baxter, United Kingdom). The
blood samples were collected from the eyes for pharmacokinetics
studies. The quantification of the fluorescence intensity was performed
using the open-source image processing software ImageJ/Fiji [38]. Re-
gions of interest (ROI) were selected based on tumor boundaries visible
in reflectance and the mean fluorescence intensity in the tumors was
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calculated as fluorescence intensity in ROI divided by area of ROI. The
mice were sacrificed 144 h after administration of the formulations and
the fluorescence intensity was measured in tumor, heart, intestine,
kidneys, liver, lungs and spleen. The fluorescence intensities were
normalized to the weight of the organs.

2.7.5. In vivo antitumor activity

The in vivo antitumor activity of the DOX-loaded PSs was evaluated
in female C57BL/6 black mice bearing EL4 lymphoma tumors. Six to
eight-week-old C57BL/6 female mice (Anlab, Czech Republic) were
used for tumor shrink study (food and water were given ad libitum). The
right-flank was shaved and EL4 lymphoma cells (5 x 10°%) were injected
subcutaneously. Seven days later, mice with well-grown tumors (size
0.15-0.20 em®) were randomly distributed into 3 groups (7 animals/
group). The treatment consisted of three injections of 5 mg DOX (or
equivalent)/kg dissolved in sodium chloride 0.9% injection (saline so-
lution) administrated intravenously via the tail vein. The injections were
performed at days 0, 4, and 8. The control group was treated with saline
solution, the second group received DOX and the third group received
the DOX-loaded polymersomes. Blood samples were collected from the
eyes for enzyme quantification. The tumor growth and body weight
were monitored every two days for 40 days. The tumor size was
measured by a caliper, and the volume (V) was calculated as V= (a x b?
x m)/6 where « is the length and b the width of the tumor surface area.
The survival mice % is given as a Kaplan-Meier plot.

2.7.6. Determination of serum markers of cardiotoxicity

Blood samples were collected from the retro-orbital sinus of anes-
thetized animals (using inhalation anesthesia with 3% isoflurane) into
non-heparinized capillary tubes at day 10 after the third injection. The
plasma was separated by centrifugation at 4000 rpm and 4 °C, and
stored at —80 °C for further analyses. The enzyme activity of lactate
dehydrogenase (LDH) and creatine kinase (CK) were determined using
commercially available kits and based on standard protocols.

2.7.7. Blood biochemistry examinations

Peripheral blood samples were collected from the retro-orbital sinus
of anesthetized animals and stored into capillaries containing ~2 pL of
0.5 molL! ethylenediaminetetraacetate (EDTA) solution (Sigma
Aldrich, Czech Republic). The first blood samples were taken before EL4
tumor cell application and subsequent samples were taken every seven
days. The blood samples were analyzed with a BV5300 veterinary he-
matology analyzer (Mindray, China) and by flow cytometry. The blood
cells were pelleted by centrifugation (400 xg, 5 min, 4 °C) and the cells
were then stained with a mixture of fluorochrome-conjugated antibodies
against lineage markers: anti CD4 (T}, lymphocytes) and anti CD8 (T,
lymphocytes). All the antibodies (Table S1 - Supporting Information
File) were purchased from BioLegend (USA). The cells were incubated
with the antibody mixture (20 min on ice and dark), washed with PBS
and analyzed using a digital FACS Canto II flow cytometer equipped
with 405 nm (60 mW), 488 nm (20 mW) and 633 nm (15 mW) lasers,
and applicable configuration of optical filters and signal detectors (BD
Biosciences, USA). The flow cytometry data were analyzed using FlowJo
Vx software (Tree Star, USA).

All the reported in vivo experiments were conducted in accordance
with The Law of Animal Protection against Cruelty (Act No. 359/2012)
of the Czech Republic. The experiments were conducted in accordance
with the authority-approved protocol (MSMT-34384,/2019-2), leaving
the animals left to life. The biodistribution, tumor accumulation and
cardiotoxicity were evaluated based on the legislation of Experimental
Work with Animals (act no. 246,/1992 of the Czech Republic and decree
no. 419/2012) that are in full agreement with the European Union
directives.

532

Journal of Controlled Release 332 (2021) 529-538
2.8. Statistical analysis

The two-way ANOVA test was used to establish statistical differences
among groups. The analyses were performed using the GraphPad Prims
6 software (GraphPad Inc., United States), and p < 0.05 was considered
statistically significant.

3. Results and discussion
3.1. Preparation and characterization of the DOX-loaded polymersomes

The Fig. 1 summarizes the data with regard to the structural features
of the DOX-free and DOX-loaded PSs along with the molecular structure
of PHPMA35-b-PDPA7s. The measured values are given in Table 1.

The PHPMA3s5-b-PDPA75 block copolymer was successfully synthe-
tized by RAFT polymerization. The azide-terminated PHPMA macro-
chain transfer agent (azide-macro-CTA) was firstly synthesized (M,, =
5000 g-mol™!, » = 1.06). The molecular characteristics assessed by
FTIR, 'H NMR and SEC are provided in the Supporting Information File
(Figs. S1-S3). Subsequently, the PDPA block was grown from the macro-
CTA also by RAFT. The synthetic strategy is given in Fig. S4 (Supporting
Information File). The block copolymer is non-biodegradable and there-
fore, the molecular weight was selected to ensure body clearance of the
chains (M, ~ 22 kDa). The value is notably below the renal threshold
filtration which has a commonly accepted limit for polymers within the
range of 40-50 kDa [39,40]. Accordingly, the in vivo clearance of the
polymer chains is predictable. The optimized conditions for the
manufacturing of the pH-responsive PSs were previously established
[35]. The use of microfluidics enabled the production of highly uniform
self-assemblies with precise control over size and high reproducibility
over different batches. The polymer colloids were stable over months
when stored at 4 °C. The sizes of the DOX-free (102 nm) and DOX-loaded
(95 nm) polymersomes are not statistically different when the reported
standard deviations are taken into account. The presence of the fluo-
rophore similarly does not significantly impact the final size of the as-
semblies. The dimension is indeed desirable for the long circulation and
tumor accumulation of nanomedicines [41,42]. The manufactured as-
semblies are narrowly distributed in size (PDI < 0.10). The slightly
negatively charged surfaces are appropriate for colloidal nanocarriers,
because higher positive or negative values are normally linked to fast
blood clearance [43]. The value of {-potential indicates effective
shielding and steric stabilization of the polymeric vesicles promoted by
the PHPMA shell [43-45]. The reduction in this parameter for DOX-
loaded PSs may be caused by drug adsorption at the outer surface of
the assemblies. Since DOX has a cationic character in pH 7.4 (pKa = 9.9)
[46], it may partially neutralize the negative surface of the polymer-
somes. Nevertheless, we highlight that the difference is tiny and only the
presence of small amounts of DOX at the outer surface of the vesicles can
be speculated. The self-assembly of PHPMA35-b-PDPA75 into PSs was
robustly confirmed by SAXS (Fig. 1C) and cryo-TEM (Fig. 1D and E). The
cryo-TEM images highlight predominantly the presence of vesicular
structures (~ 70-90 nm) in reasonable agreement with the size distri-
butions obtained by DLS (Fig. 1B). Indeed, TEM data usually undersize
relative to DLS because the last one is weighted by light scattering in-
tensity, whereas TEM gives number-average diameters. Additionally,
DOX crystals were observed in the aqueous lumen of the DOX-loaded
PSs (Fig. 1E). This is typically observed in liposomal formulations con-
taining DOX [47,48]. Considering the determined drug loading content
(10%), respective concentration in the sample (0.1 mg~mL’1) and the
determined values of N,g and Ry, the DOX concentration inside the
vesicles was estimated to be at least 32 mM which is higher than the
threshold concentration at which these structures can be evidenced
[47]. The well-defined SAXS patterns given in Fig. 1C could be properly
fitted only by using the bilayer vesicle form factor with the thickness of
the hydrophilic PHPMA shell in contact with water (t, = 4.5 nm) and the
thickness of the hydrophobic PDPA layer (t; = 10.7 nm) as adjustable
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Fig. 1. Molecular structure and schematic representation of DOX-loaded self-assembled PHPMA35-b-PDPA;5 PSs (A); size distributions obtained by DLS (B) and
analogous SAXS data (C) for DOX-free and DOX-loaded PSs; cryo-TEM imagens for DOX-free (D) and DOX-loaded (E) PSs (arrows depict DOX crystals).

parameters (DOX-free PSs). These dimensions were essentially not
affected by DOX loading (t;, = 4.4 nm and t; = 10.8 nm).

The DOX loading content and encapsulation efficiency were deter-
mined as 10% and 53%, respectively. The DOX release profile was
subsequently evaluated in simulated blood (pH 7.4, with and without
serum medium), pathophysiological condition (pH ~ 6.5) and the acid
environment of endosomes and lysosomes (pH ~ 5.5). These data are
reported in Fig. 2A. The DOX is released much faster in the acidic en-
vironments. The protonation of the PDPA block causes the disassembly
of the vesicles when pH < pKa ~ 6.8, thereby promoting DOX release. At
this condition, ~ 70-80% of the encapsulated DOX is released within 24
h and 80-90% after 48 h. On the other hand, DOX-loaded PSs are stable
at physiological pH (pH 7.4) and under such environmental condition,
roughly 22% of the encapsulated DOX is released within the first 24 h,
and only 31% cumulative release has been monitored after 72 h. Similar
behavior has been observed also in serum medium at the same pH.
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3.2. Invitro assays

The cellular uptake and cytotoxicity of the produced PSs were further
evaluated by putting them in contact with EL4 lymphoma and Jurkat
cells. The results were compared to those of free DOX at equivalent
amounts. The mean fluorescence intensity (MFI) values estimated from
the DOX cellular uptake are given in Figs. 2B. The intrinsic fluorescence
intensity of DOX is useful to evaluate its cellular uptake. The results
demonstrate that the amount of DOX uptaken by the cells is similar,
regardless of its encapsulation or not, although only free DOX is pre-
sumably able to be internalized by the cells via the diffusion pathway,
whereas DOX-loaded PSs are possibly internalized only by endocytosis
due to their large size. The data reported in Fig. 2B are indeed not sta-
tistically different (p < 0.05). The in vitro anticancer performance of the
DOX-loaded PSs was subsequently evaluated in both cell lines and
compared to free DOX (Fig. 2C-D). The ICs¢ values for EL4 lymphoma
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Table 1
Structural features of the prepared DOX-free and DOX-loaded PSs.
Entry Dy PDI" t; ty ¢ potential DLC LE
(nm)* @m)°  (@m)°  (mv)° (CONENCOR
DOX- 102 0.06 10.7 4.5 —8.8+ 0.6 - -
free +6 +
PSs 0.01
DOX- 95 + 0.08 10.8 4.4 -39+04 10 £ 53 +
loaded 6 + 2 4
PSs 0.01
Cy7-PSs 93 + 0.05 - - -11.3 + - -
4 + 1.4
0.01

t: thickness of the PDPA hydrophobic layer; t,: thickness of the PHPMA hy-
drophilic layer.

@ Measured by DLS.

b Measured by SAXS.

¢ Measured by ELS.

4 Measured by HPLC.

cells are 0.034 and 0.021 pg-mL~! for DOX-loaded PSs and free DOX,
and respectively 0.064 and 0.036 pg-mL~! for Jurkat cells. The fairly
similar values confirm that the assemblies are efficient in delivering the
chemotherapeutic agent to both cell lines, thereby causing efficient
cytotoxic effects. The slightly lower ICs( values for free DOX is possibly
associated to its ability to diffuse across the cell membranes [49]. The
viability of cells in contact with DOX-free (unloaded) polymersomes
suggests negligible cytotoxicity effect of the nanoplatform since the
values are above 70% (Fig. S5A - Supporting Information File) in the
same concentration range. The behavior was similarly confirmed in
other cell lines [35].
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3.3. In vivo assays

3.3.1. Biodistribution of PHPMA 35-b-PDPA 5 polymersomes in nude mice

The biodistribution assays were performed using the fluorescent dye
DBCO-Cyanine7 (Cy7), which can be detected in deep tissues in vivo
[50]. The nu/nu mouse strain was selected for biodistribution assays to
reduce the background signal during fluorescence detection. The poly-
meric vesicles were produced using a mixture 1:1 w/w of PHPMAgs-b-
PDPA75 and Cy7-PHPMAgs-b-PDPA7s which nevertheless does not
modify the final size and polydispersity of the self-assembled vesicles
(93 nm; 0.05). The biodistribution data are reported in Fig. 3.

The fluorescence intensities of free Cy7 and Cy7-PHPMA3s5-b-PDPA75
PSs are similar at t = 0.5 h (Fig. S6 - Supporting Information File)
however, the fluorescence signal of free Cy7 decreases remarkably faster
and almost vanishes after 24 h of injection, which is very different
compared to the behavior reported for Cy7-PSs (Fig. 3A-B). The fluo-
rescent signal from Cy7-PSs is somehow distributed throughout the mice
even after 6 days of injection. These data notably highlight that the pH-
responsive polymeric vesicles remain in vivo for a fairly long time. The
results reported in Fig. 3C highlight that 96 h after the administration,
the fluorescence intensity in the tumor is still higher than 50% compared
to the value initially monitored (0.5 h).

The mice were subsequently sacrificed by cervical dislocation to
obtain tissue samples for quantification analysis. The relative amounts
of Cy7 in different organs were determined by mean fluorescence in-
tensities in ROI (based on tumor boundaries visible in reflectance). The
higher amounts were found in liver and spleen after the timescale of the
experiment (Fig. 3D) nonetheless, enhanced accumulation is also
noticed at the tumor region for Cy7-PSs. The smallest amount was found
in the heart tissue suggesting reduced cardiotoxic effects. The images in
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Fig. 2. Cumulative DOX release from PHPMA35-b-PDPA;5 PSs at different pH and in serum environment (A); Cellular uptake of free DOX and DOX-loaded PSs as
determined by flow cytometry (MFI per 10,000 events) after 2 h incubation time with EL4 lymphoma and Jurkat cells (B); EL4 lymphoma (C) and Jurkat (D) cell
viability % after 72 h of contact with free DOX and DOX-loaded PSs. # in 2B represent non-significant differences (p < 0.05).
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Fig. 3. Invivo biodistribution analysis of Cy7-PSs (A) and free fluorescent dye DBCO-Cy7 (free Cy7) (B) as a function of time (the white circles assign the tumor area)
in mice bearing EL4 T lymphoma tumors; (C) Mean fluorescence intensity (MFI) as a function of time monitored in-vivo at the tumor region of nude mice bearing EL4
T lymphoma tumor (** represents statistically significant difference of at least p < 0.05 between Cy7 and Cy7-PSs as provided by one-way ANOVA; n = 3 mice/
group); (D) ex-vivo Cy7-PSs accumulation in different organs and in EL4 T lymphoma tumor after 7 days of administration; Ex-vivo images of tumor and organs (1:
tumor; 2: heart; 3: small intestine; 4: large intestine and cecum; 5: liver; 6: kidneys; 7: lungs; 8: spleen) after 7 days of administration of Cy7-PSs (E) and free Cy7 (F).

Fig. 3E and F corroborate the tumor accumulation, however higher in-
tensities are note in the spleen and liver as commonly observed in such
type of treatment.

3.3.2. In vivo antitumor activity and cardiotoxicity evaluation

We have observed negligible cytotoxicity of the pure assemblies in
vitro as previously underlined. Moreover, DOX-free PHPMA35-b-PDPA75
polymersomes were administrated in healthy C57BL/6 black mice and
no notable body weight change along 21 days has been monitored
(Fig. S5B - Supporting Information File). The in vivo therapeutic effect of
the DOX-loaded PSs was then further investigated in C57BL/6 black
mice bearing EL4 lymphoma tumors. The data regarding tumor volume,
body weight change and survival rate are given in Fig. 4A-C.

The reported data indeed highlight the antitumor activity of the
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DOX-loaded PSs. The aggressiveness of the EL4 lymphoma tumor leads
to rapid growth of the tumor volume in untreated mice (saline), causing
the death of the whole group within 22 days. The treatment with free
DOX is not effective to reduce the tumor volume and, taking into ac-
count the drug half-life (30 min - 3 h) [51,52], the fast clearance of the
therapeutic agent is presumably linked to the ineffective reduction in
tumor growth. Nevertheless, the free DOX treatment prolongs the sur-
vival time by roughly 10-14 days. The visual inspection of the control
group (saline) and the group treated with free DOX revealed the pres-
ence of ulcerated and necrotic tumors. Representative images of
different groups during the treatment are provided in the Supporting
Information File (Fig. S7).

On the other hand, tumor volume reduction was clearly observed
when the mice were treated with DOX-loaded PSs. The body weight
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significant difference (p < 0.005).

increased quickly in the control group and in the group treated with free
DOX due to the faster tumor growth, whereas the body weight within the
first 20 days was maintained in the group treated with DOX-loaded PSs.
The animals looked healthy, and they started to gain weight afterwards.
Most important, the survival rate was maintained at 100% without
deaths in the treated group within the timescale of the experiment (40
days), thereby demonstrating the effectiveness of the DOX-loaded pH-
responsive PSs in suppressing tumor growth and extending mouse sur-
vival time. Such outstanding result can presumably be attributed to the
preferred tumor accumulation of the nanomedicines as evidenced in the
data reported in Fig. 3, and the pH-responsive behavior of PDPA
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enabling triggered and fast DOX release in slightly acid environments.
Additionally, in the groups treated with free DOX, hair loss in the flank-
caudal region was observed. This is a side effect of chemotherapeutic
treatments that nevertheless has not been observed in the group treated
with DOX-loaded PSs (Fig. S8 - Supporting Information File).

In the step further, blood samples collected 10 days after the third
injection (day 18) were selected for CK and LDH quantification. The
cardiotoxicity is one of the main drawbacks of therapeutic treatments
based on DOX [10], and measuring the production of these specific
enzymes is a common approach to identify cardiotoxic effects [53,54],
although the markers can also be used to probe the toxicity to other
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organs. The data reported in Fig. 4D and E clearly reveals higher CK and
LDH levels in the plasma of the group treated with free DOX, whereas
the levels of these clinically well-established markers of biochemical
cardiomyocyte damage are remarkably lower when DOX was loaded
into the polymeric vesicles, therefore suggesting reduced cardiotoxic
effects.

Finally, the quantitative values of CD4" and CD8™ cells were deter-
mined by flow cytometry during the chemotherapeutic treatment.
Fig. 4F reports the levels of CD4" detected in mice treated with free DOX
and DOX-loaded PSs, and the values for CD8" cells are given in the
Supporting Information File (Fig. S9). The CD4* and CD8™ cells play an
important role in the immune system as they are associated with the
production of T helper and cytotoxic T cells, respectively. The level of
CD4" cells consistently reduces over time for untreated mice (saline)
reaching a value of ~7% after 21 days. The level of CD4™ cells in mice
treated with free DOX remained at similar levels during the first two
weeks of treatment, and then it decreases leading to a loss of therapeutic
response presumably linked to free DOX clearance which consequently
induce increased tumor volume (Fig. 4A). On the other hand, the
treatment using the pH-responsive DOX-loaded PSs promote an
augmentation in the % of CD4" (and also CD8", Fig. S9) cells during the
timescale of the experiment suggesting anti-tumor T-cell immunity
aiding the tumor suppression.

Taken together, the results underline the potential DOX delivery into
solid tumors by using the proposed pH-responsive nanoplatform. We
have explored the known acidic tumor microenvironment to achieve
preferred drug accumulation by using a supramolecular structure sen-
sitive to the low local pH. The strategy provided enhanced efficacy of
DOX with remarkably reduced side effects. The findings are expected to
have future implications in the success of chemotherapies based on this
active agent.

4. Conclusions

The engineering of DOX-loaded pH-responsive polymeric vesicles by
using the block copolymer PHPMA3s5-b-PDPA75 as the building unit is
reported. The stimuli-responsive supramolecular self-assemblies have
been rationally designed to respond the extracellular tumor acidosis and
they could be successfully loaded with 10% w/w DOX while maintaining
colloidal stability. The designed nanoplatform enabled effective growth
inhibition of EL4 lymphoma tumor with 100% survival rate over 40
days, and with reduced cardiotoxic effect. The proposed pH-switchable
system may constitute a step forward in the design of carriers for cancer
treatment. The low drug leakage in conditions mimicking the blood-
stream possibly reduces DOX plasma concentration, thus attenuating
unwanted side effects. Alongside, the biodistribution data suggest that
high DOX doses can be preferably administered in localized acidic tumor
tissues, and bypassing the ABC phenomenon thanks to the presence of
PHPMA at the outer surface of the assemblies. Truthfully, drug leakage
and short plasma half-life are commonly underlined as main drawbacks
of non-pegylated liposomal doxorubicin [55,56], whereas the ABC effect
is evidenced upon repeated administration of PEGylated DOX-loaded
formulations [57].
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ABSTRACT: The lack of cellular and tissue specificities in conventional chemo-
therapies along with the generation of a complex tumor microenvironment (TME)
limits the dosage of active agents that reaches tumor sites, thereby resulting in
ineffective responses and side effects. Therefore, the development of selective TME-
responsive nanomedicines is of due relevance toward successful chemotherapies,
albeit challenging. In this framework, we have synthesized novel, ready-to-use ROS-
responsive amphiphilic block copolymers (BCs) with two different spacer chemistry
designs to connect a hydrophobic boronic ester-based ROS sensor to the polymer
backbone. Hydrodynamic flow focusing nanoprecipitation microfluidics (MF) was
used in the preparation of well-defined ROS-responsive PSs; these were further
characterized by a combination of techniques ['H NMR, dynamic light scattering
(DLS), static light scattering (SLS), transmission electron microscopy (TEM), and
cryogenic TEM (cryo-TEM)]. The reaction with hydrogen peroxide releases an
amphiphilic phenol or a hydrophilic carboxylic acid, which affects polymersome (PS) stability and cargo release. Therefore, the
importance of the spacer chemistry in BC deprotection and PS stability and cargo release is herein highlighted. We have also
evaluated the impact of spacer chemistry on the PS-specific release of the chemotherapeutic drug doxorubicin (DOX) into tumors in
vitro and in vivo. We demonstrate that by spacer chemistry design one can enhance the efficacy of DOX treatments (decrease in
tumor growth and prolonged animal survival) in mice bearing EL4 T cell lymphoma. Side effects (weight loss and cardiotoxicity)
were also reduced compared to free DOX administration, highlighting the potential of the well-defined ROS-responsive PSs as TME-
selective nanomedicines. The PSs could also find applications in other environments with high ROS levels, such as chronic
inflammations, aging, diabetes, cardiovascular diseases, and obesity.

Polymersomes (PSs)
for ROS-rich tissue
selective cargo release

B INTRODUCTION functionalized and their mechanical properties can be finely
tuned.””"" Moreover, enhanced stability and higher loading
capacity have been demonstrated compared to liposomes and
micelles.'”~"® These advantages have led to greater interest in
recent years toward the development of novel PSs with
applications as enzymatic nanoreactors and drug delivery
systems, for instance.””''* The PSs are able to encapsulate
hydrophobic compounds in the bilayer and hydrophilic drugs
in the aqueous lumen,'”'® and the cargo release can be
triggered by external or internal physical or chemical stimuli
such as pH, redox potential, light, magnetic field, temperature,

The most recent survey by the International Agency for
Research on Cancer reported that global deaths related to
malignancy were about 9.6 million in 2018 (21% higher than
those in 2008)."” This number is predicted to be as high as
19.3 million by 2025, calling for improvements in cancer
treatments.” In this framework, cancer therapies have been
tackled to design nanomedicines that can navigate the body
and deliver their cargos at desired tumor sites. Nanomedicines
able to fast disassemble in vivo to release their cargo
specifically in the tumor microenvironment (TME) [including
polymer drug conjugates, polymer micelles, and polymersomes

(PSs)] are currently investigated as platforms toward more Received: December 18, 2019
effective tumor treatments.” ° Particularly, PSs made from Revised:  February 20, 2020
block copolymers (BCs) are spherical self-assembled nano- Published: February 21, 2020

structures that resemble the cell membranes of living
organisms.'’”'* Nevertheless, compared to biological mem-
branes (such as phospholipids), BC vesicles are easily

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.biomac.9b01748
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or the presence of specific enzymes.'”'>'” The so-called
“smart” PSs have been able to release their payloads or show
size reduction or charge conversion under the conditions
found in tumor microenvironments (reduced pH, hypoxia,
tumor-specific enzymes).'*”>> Among the aforementioned
stimuli, one can explore the presence of higher levels of
reactive oxygen species (ROSs) in tumor sites.””** ROSs, such
as hydrogen peroxide (H,0,), are a component of the cellular
signaling pathways that are necessary for the growth,
development, and fitness of living organisms.”>*® On the
other hand, imbalances in H,O, production lead to oxidative
stress and inflammatory events that damage tissues and organs,
which is correlated with the onset and progression of various
diseases, including cancer. Hence, the design of PSs able to
respond to these inherent features of TME has been proposed
as a promising approach for cancer treatments.' >’

Taking into account the abovementioned issues, we have
developed a novel platform that allows the specific release of
bioactive cargo, such as DOX, in response to ROS levels
typically found in TME. Well-defined BCs were synthesized
using two different spacer chemistry designs to connect the
hydrophobic boronic ester-based ROS sensor to a polymer
backbone. The novel materials were further used to prepare
oxidative—reductive PSs using the MF technique. The self-
assembled structures were characterized by a variety of
techniques, and it has been subsequently demonstrated that
the employed chemistry plays an important role in BC and PS
deprotection rate and in the release of encapsulated double-
quenched green bovine serum albumin (DQ-BSA) or DOX.
Furthermore, in vitro studies suggest that DOX-loaded ROS-
responsive PSs could be efficiently delivered into two different
tumor cell lines, providing enhanced biological activity to the
antitumor agent. The in vivo biodistribution studies in nude
mice bearing EL4 T cell lymphoma demonstrated that the PSs
circulate for a longer time and are accumulated to a greater
extent compared to the free fluorescent probe. The in vivo
investigations also highlight that side effects (such as weight
loss and cardiotoxicity) were remarkably reduced using the PS
platforms for DOX release and the effectiveness of the
treatment (reduction in tumor growth and prolonged animal
survival) can be significantly improved using specific boronic
acid-based monomeric spacers.

B EXPERIMENTAL SECTION

Materials. 3-Chloro-1-propanol, NaNj, 3-azido-1-propanol, N-
ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) triethylamine (TEA), hydrogen peroxide (H,0,, 30% w/w
solution in H,0), 4-hydroxymethylphenylboronic acid pinacol ester,
4-aminophenylboronic acid pinacol ester, magnesium sulfate
(MgSO,), sodium sulfate (Na,SO,), silica gel (70—230 mesh),
Sephadex LH-20, 1-hydroxybenzotriazole hydrate (HOBt), ethanol-
amine, phorbol 12-myristate 13-acetate (PMA), N-acetyl-L-cysteine
(NAC), and the chain-transfer agent 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CTA) were purchased
from Sigma-Aldrich and were used as received. Doxorubicin,
hydrochloride salt >99% was purchased from LC Laboratories.
Double-quenched green bovine serum albumin (DQ-BSA) was
purchased from Thermo Fischer Scientific (Czech Republic).
Methanol (MeOH), N,N-dimethylacetamide (DMAc), diethyl ether
(Et,0), 1,4-dioxane, ethanol, tetrahydrofuran (THF), N,N-dimethyl
formamide (DMF), dichloromethane (DCM), toluene, ethyl acetate,
petroleum ether, and hexane were purchased from Lachner and dried
over molecular sieves (3 A). Methacryloyl chloride (Sigma-Aldrich)
was distilled before use. Deuterated solvents (CDCL,;, DMF-d,,
DMSO-d;, CD;0D) were purchased from Eurisotop (France). The
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initiator azobis isobutyronitril (AIBN, Sigma-Aldrich) was recrystal-
lized from methanol prior to use.

Methods. Synthesis of the Azide-Containing Chain-Transfer
Agent (CTA-Azide). The CTA-Azide was synthesized following the
procedure described elsewhere.”® Briefly, 3-chloro-1-propanol (3.0 g,
31.7 mmol) and NaNj (3.5 g, 54.0 mmol) were dissolved in a mixture
of acetone (50 mL) and water (5 mL) in a round-bottom flask and
refluxed overnight. Acetone was removed under reduced pressure, and
35 mL of water was added to the remaining solution. The product was
extracted with diethyl ether (3 X 70 mL), the organic layer was dried
over anhydrous Na,SO,, and 3-azido-1-propanol was obtained as a
colorless oil (1.6 g 53%) after solvent removal under reduced
pressure. The pure product was analyzed by Fourier transform
infrared (FTIR) spectroscopy. In the step further, a mixture of CTA-
COOH (700 mg, 2.51 mmol), 3-azido-1-propanol (380 mg, 3.76
mmol), and dry DCM (40 mL) was added to a round flask equipped
with a magnetic bar and a rubber stopper. The solution was cooled to
0 °C and filled with argon. A solution of EDC (720 mg, 3.76 mmol)
and DMAP (S0 mg, 0.38 mmol) in DCM (10 mL) was added under
an argon atmosphere to react at 0 °C for 2 h and then at room
temperature overnight. The reaction mixture was washed with water
(100 mL, five times) and dried over anhydrous Na,SO,. The DCM
was removed under reduced pressure, and the crude product was
purified by column chromatography [SiO, and hexane/ethyl acetate =
4/1 (v/v)]. The pure product (0.38 g, 42%) was characterized by 'H
NMR and “C NMR.

'H NMR (600 MHz, CDCl,, §): 7.90 (d, 2H, Ar H), 7.56 (t, 1H,
Ar H), 7.38 (t, 2H, Ar H), 4.26 (t, 2H, CH,), 3.61 (t, 2H, CH,), 2.69
(m, 2H, CH,), 2.60 (m, 1H, CH,), 2.43 (m, 1H, CH,), 2.10 (p, 2H,
CH,), 1.93 (s, 3H, CH;). *C NMR (CDCl,, §): 221.49, 171.52,
144.63, 133.22, 129.13, 128.74, 126.81, 118.60, 61.92, 45.85, 41.26,
33.50, 31.52, 29.87, 24.30.

Synthesis of the Azide-Terminated Poly([N-(2-hydroxypropyl)]-
methacrylamide) (PHPMA) MacroCTA. N-(2-Hydroxypropyl)-
methacrylamide (HPMA) monomer was prepared as previously
described.”® The synthesis of azide-terminated PHPMA macroCTA
was performed by reversible addition—fragmentation chain-transfer
(RAFT) polymerization. In a Schlenk tube equipped with a magnetic
bar, the HPMA monomer (1 g, 7 mmol) was dissolved in 6.62 mL of
tert-butanol. This solution was filled with argon for 15 min and
deoxygenated by three freeze—pump—thaw cycles. The CTA-Azide
(118.4 mg, 0.326 mmol) and the initiator AIBN (33.2 mg, 0.204
mmol) were dissolved in 0.736 mL of dimethyl sulfoxide (DMSO),
and this solution was added to the Schlenk tube and another freeze—
pump—thaw cycle was completed. The tube containing the pink
solution was filled with argon again and placed into an oil bath at 70
°C to start the polymerization. After 16 h, the polymerization was
quenched by exposing the reaction mixture to air and liquid nitrogen.
The polymerization solution was precipitated in a cold mixture of
acetone/diethyl ether (v/v = 3/1) followed by a centrifugation step to
isolate the product. The product was dissolved in a small amount of
methanol, and the azide-terminated PHPMA macroCTA was purified
by Sephadex LH-20 using methanol as the mobile phase. The product
was precipitated in cold diethyl ether and vacuum-dried to yield a
pink solid. The obtained polymer was characterized by size exclusion
chromatography (SEC) and '"H NMR (PHPMA mCTA azide M, =
3600 g-mol™', D = 1.08).

'H NMR (600 MHz, MeOD, 5): 7.86 (s, 2H, Ar H), 7.76 (s, 1H,
Ar H), 7.67 (s, 2H, Ar H), 7.45 (bp, 1H, NH), 4.20 (s, 2H, CH,),
3.88 (s, 1H, CH), 3.41 (s, 2H, CH,), 3.10 (bp, 2H, CH,), 2.52 (s,
2H, CH,), 2.15—-1.60 (bp, 2H, CH,), 1.55—0.90 (bp, 3H, CHj,).

Synthesis of the ROS-Responsive Monomers 1 and 2. 4-
Aminophenylboronic acid pinacol ester (25 mmol, 5.48 g; for the
ROS-responsive monomer 1, M, = 219.09 gmol™') or 4-
(hydroxymethyl)phenylboronic acid pinacol ester (25 mmol, 5.85 g;
for the ROS-responsive monomer 2, M, = 234.10 g-mol™') was
dissolved in anhydrous DCM (60 mL) followed by the addition of 30
mmol of TEA (3.0S g). After cooling to 0 °C, 30 mmol (3.23 g) of
methacryloyl chloride in ~5 mL of dried DCM was added dropwise
within ~1 h (temperature not exceeding 0 °C). Then, the reaction

https://dx.doi.org/10.1021/acs.biomac.9b01748
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Table 1. Synthetic Parameters and Molecular Weight Data of the Polymers Prepared via RAFT Polymerization

(Co)polymer time

code sample [M]o/[CTA]/[1),  (h)

P(HPMA)  P(HPMA),, 100/2/1° 16

BCl P[(HPMA);,-b-(ROS- 100/2/1 24
D

BC2 P[(HPMA),-b-(ROS- 100/2/1 24
2)p

Conversion Mn!lhb M,ysec Mn:NMRi P

(%) (g'mol™) (gmol™) (gmol™) b (%)
46 7200 3600° 5300 1.08°

86 30200 203007 14200 1.097 18

89 28700 21 5007 18 000 1.13¢ 17

“Determined by 'H NMR in D,0. bTheoretical M, = [M],/[CTA], X conversion X M, (monomer) + MWcra. “Determined by SEC in MeOH/
acetate buffer, pH 6.5, 80/20 vol %. “Determined by SEC in DMF using PMMA as the standard. “Conditions: tert-butanol, [M], = 1.5 M, 70 °C.
fConditions: 1,4-dioxane/MeOH, 60/40 vol %, [M]0 = 3 M, 70 °C. #Weight fraction of the hydrophilic block (SEC).

mixture was warmed to room temperature, stirred for 10 h, and
filtered. The filtrate was concentrated on a rotary evaporator, diluted
by ethyl acetate, and washed with brine thrice. After drying over
MgSO,, the organic solution was concentrated and purified by silica
column chromatography using hexane/ethyl acetate (v/v = 2/1) as
the eluent. The ROS monomer 1 (M, = 287.16 g'mol™') was
obtained as a colorless crystal with a yield of 80%. The ROS monomer
2 (M,, = 302.17 g-mol™") was obtained as a colorless oil with a yield of
75%. ROS monomers 1 and 2 were characterized by 'H NMR.

Nitrogen-containing 4-(N-methacryloylaminomethyl)-
phenylboronic acid pinacol ester monomer—ROS-responsive mono-
mer 1: 'H NMR (600 MHz, CDCL,, 8): 7.76 (d, J = 8 Hz, 2H, Ar H),
7.56 (d, ] = 8 Hz, 2H, Ar H), 7.53 (s, 1H, NH), 5.78 (s, 1H, =CH,),
5.46 (s, 1H, =CH,), 2.05 (s, 3H, CH;), 1.33 (s, 12H, CH,). C
NMR (CDCl,;, §): 166.66, 141.11, 140.64, 136.03, 124.93, 120.17,
118.92, 83.95, 25.07, 18.9S.

Oxygen-containing 4-(O-methacryloylaminomethyl)phenylboronic
acid pinacol ester monomer—ROS-responsive monomer 2: '"H NMR
(600 MHz, CDCl,, 6): 7.79 (d, ] = 8 Hz, 2H, Ar H), 7.36 (d,] = 8
Hz, 2H, Ar H), 6.14 (s, 1H, =CH,), 5.57 (s, 1H, =CH,), 5.19 (s,
2H, CH,), 1.95 (s, 3H, CH;), 1.33 (s, 12H, CH;). 3*C NMR (CDCl,,
5): 167.38, 139.32, 136.38, 135.20, 128.94, 127.36, 126.08, 84.05,
25.06, 18.55S.

Synthesis of the Block Copolymers 1 (BC1) and 2 (BC2). In a
Schlenk flask equipped with a magnetic bar, PHPMA mCTA azide
(100 mg) was dissolved in MeOH (2 mL), and different amounts of
the ROS-responsive monomer 1 or ROS-responsive monomer 2 (cf.
Table 1) and the initiator AIBN (0.5 mol-L™" related to PHPMA
mCTA azide) were dissolved in 1,4-dioxane (4 mL) and added to the
Schlenk flask under stirring. The solution was filled with argon, and
three freeze—pump—thaw cycles were performed. Afterward, the
solution was again filled with argon and placed into an oil bath at 70
°C to start the polymerization. After 24 h, the polymerization was
stopped with a quench step using liquid nitrogen. The BCs were
obtained after dialysis against deionized water (pH 7.4) for 48 h using
a dialysis membrane with MWCO of 3.5—-5 kDa. The water was
changed every 12 h, and the BCs were recovery by lyophilization.
They were further characterized by '"H NMR and SEC.

BC1: M, ~ 20.3 kDa, P = 1.09; conversion: 86%; '"H NMR (600
MHz, MeOD, §): 7.65 (bp, 2H, Ar H), 7.40 (bp, 2H, Ar H; 1H, NH),
3.88 (s, 1H, CH), 3.10 (bp, 2H, CH,), 2.40—1.60 (bp, 2H, CH,),
1.50—1.25 (bp, 12H, CH,), 1.25—0.85 (bp, 3H, CH,).

BC2: M, ~ 21.5 kDa, P = 1.13; conversion: 89%; 'H NMR (600
MHz, DMF-d, §): 7.75 (s, 2H, Ar H), 7.35 (s, 2H, Ar H; 1H, NH),
4.90 (bp, 2H, CH,; 1H, OH), 3.85 (s, 1H, CH), 3.05 (bp, 2H, CH,),
2.15-1.60 (bp, 2H, CH,), 1.40—1.20 (bp, 12H, CH;), 1.15-0.80
(bp, 3H, CH,).

Size Exclusion Chromatography (SEC). The number-average
molecular weight (M,) and its distribution (D) were obtained by
SEC. SEC of the isolated copolymers was performed at 25 °C with
two PLgel MIXED-C columns (300 mm X 7.5 mm, SDV gel with
particle size S um; Polymer Laboratories) and with UV (UVD 30S;
Watrex, Czech Republic) and RI (RI-101; Shodex, Japan) detectors.
DMEF was used as the mobile phase at a flow rate of 1 mL-min~". The
molecular weight values were calculated using the Clarity software
(DataApex, Czech Republic). Calibration with PMMA standards was
used. The M, and its distribution (D) for PHPMA macroCTA were
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determined on a HPLC Shimadzu system equipped with a Superose
12 column, UV, Optilab rEX differential refractometer, and multiangle
light scattering DAWN 8 (Wyatt Technology) detectors. These
experiments used a 0.3 M sodium acetate buffer/MeOH (pH 6.5,
80:20) containing 0.5 g-L™! sodium azide as the mobile phase.

"H NMR and ">C NMR Spectra. "H NMR spectra of the monomers
(300 or 600 MHz) were recorded using a Bruker Avance DPX 300
MHz NMR spectrometer or Bruker 600 MHz NMR spectrometer
(for 3C NMR only) with CDCl; or DMF-d, as solvents at 25 and 37
°C in deuterated PBS/DMF-d, for polymer deprotection studies
(described hereafter). The chemical shifts are relative to TMS using
hexamethyldisiloxane (HMDSO, 0.05 for '"H NMR and 2.0 ppm for
13C NMR) as the internal standard. Chemical shifts, 5, are in units of
parts per million (ppm).

"H NMR Measurements of the Polymersome Deprotection. BCs
(2 mg) were loaded separately into S0 uL of DMF-d,, followed by the
addition of 550 uL of deuterated phosphate-buffered saline (PBS, pH
7.4). The solution was transferred to a NMR tube and incubated at 37
°C. To the solution, 0.6 uL of H,0, was added to make a 10 mM or 1
mM H,0, solution (H,0, previously diluted). The BCs incubated at
37 °C in deuterated PBS (550 L) and 50 uL of DMF-d, were used as
the control.

Dynamic Light Scattering (DLS). The DLS measurements were
performed using an ALV CGE laser goniometer consisting of a 22
mW HeNe linear polarized laser operating at a wavelength 4 = 632.8
nm, an ALV 6010 correlator, and a pair of avalanche photodiodes
operating in the pseudo-cross-correlation mode. The samples were
loaded into 10 mm diameter glass cells and maintained at 25 + 1 °C.
The data were collected using the ALV Correlator Control software,
and the counting time was 30 s. To avoid multiple light scattering, the
samples were diluted 100 times before the measurements. The
intensity correlation functions g,(t) were analyzed using the algorithm
REPES (incorporated in the GENDIST program), resulting in the
distributions of relaxation times shown in the equal-area representa-
tion as 7A(7). The mean relaxation time or relaxation frequency (I =
771) is related to the diffusion coefficient (D) of the polymersomes as
D =T'/q* where q = (4znsin(0/2))/2 is the scattering vector with n
being the refractive index of the solvent and € the scattering angle.
The hydrodynamic radius (Ry) or the distributions of Ry were
calculated using the well-known Stokes—Einstein relation

Ry = (ksT)/67nD (1)
where kg is the Boltzmann constant, T is the absolute temperature,
and 7 is the viscosity of the solvent.

Static Light Scattering (SLS). In the SLS mode, the scattering
angle was varied from 30° to 150° with a 10° stepwise increase. The
absolute light scattering is related to the weight-average molar mass
[M,(pss)] and the radius of gyration (Rg) of the polymersomes by the
Zimm formalism, represented as

Ke/Ry=1/M,(1 + R3q*/3) (2)
where K is the optical constant, which includes the square of the
refractive index increment (dn/dc); R, is the excess normalized
scattered intensity (toluene was used as the standard solvent); and c is
the polymer concentration given in mg-mL™". The refractive index
increment (dn/dc) of the PSs in pure water was determined using a
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Brice—Phoenix differential refractometer operating at 4 = 632.8 nm
(0.180 and 0.173 mL/g for PS1 and PS2, respectively).

Electrophoretic Light Scattering (ELS). The ELS measurements,
performed using a Zetasizer NanoZ$ instrument (Malvern Instru-
ments, UK.), were employed to determine the average zeta potential
(&) of the PSs. The equipment measures the electrophoretic mobility
(Ug) and converts the value into {-potential (mV) through Henry’s
equation. Henry’s function was calculated through the Smoluchowski
approximation.

Transmission Electron Microscopy (TEM) and Cryogenic Trans-
mission Electron Microscopy (Cryo-TEM). TEM observations were
performed on a Tecnai G2 Spirit Twin 120 kV (FEL, Czech Republic)
using a bright-field imaging mode at an accelerating voltage of 120 kV.
The polymersomes (4 pL) were dropped onto a copper TEM grid
(300 mesh), which was coated with a thin, electron-transparent
carbon film. The excess of the solution was removed by touching the
bottom of the grid with a filtering paper. This fast removal of the
solution was performed after S min of sedimentation to minimize
oversaturation during the drying process. Afterward, the samples were
negatively stained with uranyl acetate (2 uL of 1 wt % solution
dropped onto the dried polymersomes and removed after 30 s, as
described above). The samples were left to dry at room temperature
and then observed in the TEM microscope. Under these conditions,
the micrographs displayed a negatively stained background with
bright polymersomes. The image analysis was performed using the
Image J software. The polymersomes were also imaged by cryo-TEM,
where 4 uL of the sample solution was loaded into an electron
microscopy grid covered with a holey or lacey carbon supporting film
(Electron Microscopy Science), which was hydrophilized just before
the experiment via glow discharge (Expanded Plasma Cleaner,
Harrick Plasma). The excess of the solution was removed by blotting
(Whatman no. 1 filter paper) for ~1 s, and the grid was plunged into
liquid ethane held at —182 °C. The vitrified sample was then
immediately transferred into the microscope and observed at —173
°C at an accelerating voltage of 120 kV.

Polymersome Production by Microfluidics. The PSs were
produced after testing different polymer concentrations, organic
solvents, and flow rates of the organic and aqueous phases according
to the method previously described.”® Briefly, BC1 and BC2 were
dissolved in THF/MeOH (80/20) (v/v) to produce a final
concentration of 5.0 mg:-mL™". Polymersomes were produced using
the microfluidic device setup from Dolomite (Royston, United
Kingdom) equipped with a glass Micromixer chip with 12 mixing-
stage microchannels of S0 ym X 125 um (depth X width). The
polymer solution was pumped through the middle channel and PBS
through the side channels using two independent Dolomite Mitos P-
Pumps (Royston, United Kingdom) controlled via PC software. For
the production of DOX-loaded PS, the drug (1 mgmL™') was
dissolved in PBS. All solutions were previously filtrated (0.22 ym).
The flow rates were 200 pL-mL™" for the water phase and 100 yL-
mL™" for the organic phase, resulting in a flow rate ratio of 2:1. The
polymer colloids were collected in vials and dialyzed against PBS for
12 h to remove the organic solvent and unloaded DOX. They were
further characterized by DLS, SLS, ELS, and TEM. DOX was
determined by UV—vis using an analytical curve with a linear
response in the range of 0.001—0.5 mg-mL™". DOX loading content
(LC) and DOX loading efficiency (LE) were calculated using the
standard equations

LC (%) = (DOX ammount in PSs)/(mass of PSs) X 100  (3)

LE (%) = (DOX ammount in PSs)/(DOX feeding) X 100
(4)
The quantifications were always performed in triplicate, and the mean
values are reported throughout the article.

The Cy7-PS1 and Cy7-PS2 conjugates containing the Cy7
fluorescent dye were also produced by microfluidics. First, the
coupling between the fluorescent dye Cyanine 7-DBCO (Cy7) and
the azide-terminated BC1 and BC2 was performed using an adapted
procedure as described elsewhere.”® Briefly, in an amber glass vial, 30
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mg of the BCs was dissolved in 1 mL of DMF under stirring. The
fluorescent dye (Cyanine 7-DBCO) was added in the molarity S:1
(fluorescent dye:azide-terminated group) and kept reacting overnight
in the dark. Afterward, the solution was dialyzed in a Float-A-Lyzer
(3.5-5 kDa) against water for 24 h to remove the free dye and
organic solvent. The Cy7-BCl and Cy7-BC2 conjugates were
recovered by lyophilization with a yield of ~60%. For the production
of the Cy7-PSs, the BC powder was mixed 1:1 weight ratio (BC1/
Cy7-BC1 and BC2/Cy7-BC2), and the mixtures were dissolved in
THF/MeOH (80/20 v/v) to produce final concentrations of 5.0 mg:
mL™". The chemical structure of the Cy7-BC2 conjugate is shown in
the Supporting Information. The PSs were produced as mentioned
before, and the amount of Cy7 fluorescent dye was measured by
fluorescence spectroscopy (750/780 nm, Ex/Em) and adjusted to 30
ug-mL™" for both PSs.

In Vitro Drug Release. The in vitro DOX release was investigated
in PBS and PBS with 1 mM H,0, at 37 °C using the dialysis method.
A preswollen cellulose dialysis membrane tube with MWCO 3.5-5
kDa (Spectra-Por Float-A-Lyzer G2) was filled with 2.0 mL of DOX-
loaded PSs at 0.5 mg-mL™". The membrane tube was then immerged
into 3 L of PBS at 37 °C and 350 rpm. At predetermined times, 10 uL
of the DOX-loaded PSs was removed and diluted into 90 uL of
MeOH for the determination of the remaining DOX. The DOX
amount was quantified by UV—vis at 4 = 480 nm.

Cell Culture. The T-lymphocyte-derived human cell line Jurkat
(LGC standard, Poland) was cultured in RPMI-1640 medium
supplemented with 100 units of penicillin and 100 pg-mL™"
streptomycin (Thermo Fischer Scientific, Czech Republic) with
fetal bovine serum. The T-lymphocyte murine cell line EL4 (LGC
standard, Poland) was cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 100 units of penicillin and 100
ug:mL™" streptomycin (Thermo Fischer Scientific, Czech Republic).
Both cell cultures were incubated and cultivated in a humidified
incubator at 37 °C with 5% CO, in 25 cm? flasks.

Cellular Uptake. Both cell lines were plated into 24-well plates at
density 1 X 10° cells per well the day before incubation with PSs. PSs
were incubated with cells for 2 h in 5% CO, at 37 °C. The amount of
DOX-loaded PSs was normalized to DOX content (10 ug-mL™").
After the incubation time, the cells were centrifuged (1500 rpm) and
washed two times with 0.5 mL of PBS containing 0.5% BSA. The cells
were then resuspended in PBS/BSA and analyzed by flow cytometry
using a FACS Verse (Becton Dickinson) (1 X 10* events per sample)
apparatus. The data were processed using the FlowJo software V7.6.1.
The median of the fluorescence intensity was determined, and the
signal of negative cells was subtracted to calculate the relative uptake
(DOX median of fluorescence was assigned as 100%). Only untreated
cells and cells incubated with DOX were used as the controls. All
samples were measured in duplicate in four independent experiments.

Cell Viability Assays. Cell viability assays were conducted using the
Alamar Blue cell viability reagent (Thermo Fischer Scientific, Czech
Republic) according to the manufacturer’s protocol. Cells were
seeded in 100 pL of media into 96-well plates 24 h prior to treatment
at a density of 1 X 10* cells per well. Serial dilutions of PSs and DOX
were added to the medium (10 uL). The cells were subsequently
incubated for 72 h in 5% CO, at 37 °C. After the incubation time, 10
uL of the Alamar Blue reagent was added to each well and incubated
for 4 h in 5% CO, at 37 °C. Resorufin, which is reduced from
resazurin, is the active compound of the Alamar Blue reagent.
Resorufin is highly fluorescent only in viable cells, and its intensity
was measured using a Synergy Neo plate reader (Bio-Tek, Prague,
Czech Republic) at 570 nm/600 nm (Ex/Em). DOX-free PSs
(concentrations from 0.1625 up to 100 ug-mL™"), untreated cells, and
cells incubated with free DOX were used as the controls. All samples
were measured in triplicate in three independent experiments.

DQ-BSA Assay. To determine the intracellular degradation of the
polymersomes, EL4 cells were plated into 96-well plates at a density
of 3 X 10* cells per well the day before incubation with PSs. DQ-BSA-
loaded PSs (1 mg-mL™"; DQ-BSA adjusted to 50 yg'mL™' by UV—
vis) were incubated with cells for 2 h in 5% CO, at 37 °C. For PMA-
treated cells, PMA was added (100 nM) 1 h after the 2 h incubation
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Figure 1. Spacer-design-chemistry-envisaged (a) BC1 and (b) BC2 and their respective mechanisms of ROS-triggered deprotection by H,0,.
PHPMA is shown in blue, the nitrogen-containing boronic spacer (“amphiphilic”, partially hydrophilic, BC1) in green, and the oxygen-containing
boronic spacer (fully hydrophilic, BC2) in red. (c) Microfluidics manufacturing of DOX-loaded PS2 from BC2 and the ROS deprotection under

H,0,. Cargo chemotherapeutic DOX release is shown in red.

time (aforementioned). For NAC-treated cells, NAC was added (3
mM) at the same time as the DQ-BSA-loaded PSs and 1 h after PMA
(100 nM) was added. After the incubation time, the cells were
resuspended with 0.5 mL of PBS containing 0.5% BSA and analyzed
by flow cytometry using a BD FACS Aria II (Becton Dickinson) (1 X
10* events per sample). The data were processed using the FlowJo
software v 7.6.1. The median of the fluorescence intensity was
determined, and the signals of negative cells were subtracted for the
calculation of DQ-BSA intracellular degradation. All samples were
measured in duplicate.

In Vivo Biological Studies. The animal experiments described in
this study were performed in accordance with the corresponding
legislation in the Act on Experimental Work with Animals (act no.
246/1992 of the Czech Republic and decrees no. 419/2012), which is
fully compatible with the corresponding European Union directives.
For the antitumor effect of the PSs, healthy inbred C57BL/6J mice
(females, 8 weeks old, obtained from AnLab, Ltd.,, Prague, Czech
Republic) were used. After the mice were shaved, EL4 lymphoma
carcinoma cells (1 X 10° cells in PBS) were injected subcutaneously
into the right flank. When the tumors reached a diameter of 4—5 mm,
the animals were randomly divided into four groups (n 8).
Subsequently, the first group received PBS (named the saline group)
intravenously into the tail vein. Injection was repeated on days 4 and
8 from the first application (day 0). The second group received the
DOX-free formulation [S mg DOX (equiv)/kg dissolved in PBS on
the same days, and the third and fourth groups received, respectively,
DOX-loaded PS1 and PS2 formulations (100 ug of DOX in S mg of
PSs in 250 uL)]. Subsequently, the survival of all animals was
monitored for 40 days and the tumor volume was measured twice a
week using eq S, where a is the length and b is the width of the tumor.

()

Biodistribution Studies. The biodistribution of Cy7-PS1, Cy7-PS2,
and free Cy7 was determined by fluorescence intensity in athymic

V=(ax b’ xn)/6
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nude mice 0, 4, 8, 24, 48, 96, and 144 h after intravenous injection
(mice injected with 250 uL of PSs containing 30 yg of Cy7/mL; PSs
~ 10 mg). Fluorescence was detected using the Xtreme In Vivo
Imaging System (Bruker, Germany). For fluorescence imaging, the
excitation filter 750 nm and the emission filter 830 nm were used.
During the measurements, mice were anesthetized using 2% isoflurane
(Aerrane, Baxter, U.K.). The greyscale adjustments and quantification
of the fluorescence intensity were performed using open-source image
processing software Fiji. Regions of interest (ROIs) were selected
based on tumor boundaries visible in reflectance, and the mean
fluorescence intensity in the tumors was calculated as fluorescence
intensity in ROI divided by the area of ROIL Mice were sacrificed 144
h after administration of polymersomes, and the fluorescence intensity
was measured in the tumor, heart, intestine, kidneys, liver, lungs, and
spleen. The signals were normalized by the weight of the organs.

Peripheral Blood Collection. Peripheral blood was collected with
capillaries containing ~2 uL of 0.5 mol-L™" ethylenediaminetetraa-
cetate (EDTA) solution (Sigma-Aldrich, Czech Republic) from the
retro orbital sinus of anaesthetized animals (using inhalation
anesthesia with 3% isoflurane). The first blood samples were taken
before EL4 cell application and the subsequent blood samples in the
following 7 day intervals. The blood samples were analyzed with a
BVS300 veterinary haemoanalyzer (Mindray, China) and using flow
cytometry.

Determination of Creatine Kinase Levels. Blood samples were
collected from the retro orbital plexus under inhalation anesthesia
using 3% isoflurane into nonheparinized capillary tubes on day 10
after the third injection of free DOX, PS1, PS2, and saline groups.
Plasma was separated by centrifugation at 4000 rpm and 4 °C and
further stored at —80 °C until analysis. Creatine phosphokinase
enzyme activity levels were quantified using a commercially available
kit, Creatine Kinase Activity Assay Kit (Sigma-Aldrich, Czech
Republic), based on the protocol described by the manufacturer.
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Figure 2. "H NMR spectra of (a) BCI and (b) BC2 deprotection after 5 min (bottom) and 24 h (top) of incubation in 10 mM H,0, in DMF-d,,
deuterium PBS. (c) '"H NMR integral intensities related to the deprotection of the pinacol ester-protected boronic groups and the appearance of
pinacol alcohol, a product of the degradation, along 24 h of incubation of BC1 in 10 mM H,0, (open black circles) and BC2 in 1 mM (solid red
squares) or 10 mM (solid black squares) H,0,. (d) 'H NMR integral intensities related to the appearance of 4-hydroxymethyl phenol, a product of
degradation of BC2, during 60 h of incubation in 1 mM (solid red squares) or 10 mM (solid black squares) H,O, and BC1 during 60 h of
incubation in 10 mM H,0, (open black circles). (e) Distributions of diameters for PS1 (open black circles) and PS2 (open blue circles) in PBS
(pH 7.4) and (f) TEM micrographs of PS2 upon incubation in PBS pH 7.4. (g) Changes in light scattering intensity (I,.) after incubation of PS2 in
PBS (pH 7.4) (solid blue circles) and 10 mM H,O, (open blue circles) and PS1 (open black circles) at 37 °C during 24 h. TEM micrographs of
PS2 after (h) 24 h and (i) 72 h of incubation in 10 mM H,0, (arrows depict the deprotected or disassembled PS2).

Statistical Analysis. The two-way analysis of variance (ANOVA)
test was applied to identify statistical differences among groups.
Survival curves were generated using the Kaplan—Meier method.
Analyses were performed with GraphPad Prism 6 software (GraphPad
Inc, United States), and P < 0.05 was considered statistically
significant.

B RESULTS AND DISCUSSION

Synthesis of the ROS-Responsive Building Blocks.
The ROS-responsive BC backbones were envisaged based on
pinacol-type boronic ester-protecting groups (Figure la, green
and Figure 1b, red and Figure S1). Among the oxidative-
responsive moieties, boronic acids and boronic esters undergo
oxidation-triggered hydrolysis in the presence of biologically
relevant levels of H,0,, thereby making these compounds
candidates for ROS-induced polymer decomposition. The
pinacol-type boronic ester groups have been shown to be the
most ROS-selective and sensitive probes to respond to H,O, at
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physiological concentrations with high specificity.”” "> At
physiologically relevant H,O, concentrations (100 uM to 1
mM of H,0,),*"**** benzylic-based boronic esters are
oxidized to phenols, which then undergo a quinone methide
rearrangement, leading to a strong hydrophilization of the
polymer block (discussed hereafter) and subsequent PS
disassembly and cargo release (Figure 1c).

Accordingly, under the envisaged targeted site-specific ROS-
rich environment, derivative benzylic esters can undergo
complete self-immolative deprotection, resulting in a hydro-
philic polymer after the reaction, while partial deprotection
occurs in the aniline derivative, resulting in a relatively less
hydrophilic polymer containing phenols (Figure lab). The
polymer poly([N-(2-hydroxypropyl) methacrylamide)
(PHPMA) (Figure la, blue) was chosen as the hydrophilic
segment due to its stealth property and biocompatibility. The
polymer block PHPMA bearing azide functional groups was
synthesized using the HPMA monomer and a modified chain-
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Table 2. Structural Features of the Manufactured PSs as Determined by Light Scattering Measurements

PSs Ry (nm)“ diameter = 2Ry PDI P (mVv)
PS1 60.0 0.09 —8.4
PS2 65.0 0.10 —8.9
DOX-PS1 62.5 0.15 —-8.5
DOX-PS2 68.0 0.18 —8.2
PS1, 10 mM H,0, 63.0 0.10 —154
PS2, 10 mM H,0, 62.0 0.08 —234

RS (nm) p° = Ro/Ry My PS X 107 (grmol™) N
65 1.1 5.45 2460
64 1.0 6.06 2450
50 0.8 5.29 2388
56 0.9 3.12 1280

“Dynamic light scattering. bElectrophoretic light scattering. “Static light scattering. dWeight—average molecular weight (M,,) of the BC.

transfer agent (CTA) by the reversible addition—fragmenta-
tion chain-transfer (RAFT) polymerization, and it was used as
a macro chain-transfer agent (PHPMA mCTA azide, M, = 3.6
kDa, D = 1.08; Figures Sla, S2, and Table 1). The introduction
of the clickable azide group to the end of the PHPMA BCs
allows further PS functionalization with fluorescent dyes or
antibodies for imaging and selective targeting, for instance.
Subsequently, the 4-aminophenylboronic acid pinacol ester
(compound 1, Figure S3) was reacted with methacryloyl
chloride to generate the methacrylamide pinacol ester-
protected ROS monomer 1 (Figures S1b and S3). 4-
(Hydroxymethyl)phenylboronic acid pinacol ester (compound
2, Figure S3) was methacryloylated to generate the
methacrylate pinacol ester-protected ROS monomer 2
(Figures Slc and S3). The ROS methacrylic monomers were
further polymerized using the PHPMA mCTA azide to
generate the ROS-responsive amphiphilic BC1 (Figures la
and S1b) and ROS-responsive amphiphilic BC2 (Figures 1b
and Slc). The BCs were successfully synthesized by RAFT
polymerization with similar M, and desired polydispersity
(Table 1).

We targeted the synthesis of BCs with the appropriate
hydrophilic/hydrophobic weight ratio (¢ = the weight fraction
of the hydrophilic block at the BCs of 10—40%)'®*® (Table 1),
aiming at the preparation of PSs to enable the DOX
solubilization in their aqueous lumen. Successful BC synthesis
was confirmed by '"H NMR (Figure S4) and size exclusion
chromatography (SEC) analysis (Figure SS). The M, of BC1 is
~20.3 kDa with low dispersity of D ~ 1.09, and these values
are M, ~ 21.5 kDa and P ~ 1.13 for BC2 as determined by
SEC (Table 1 and Figure S5). The characteristic proton signals
corresponding to the repeating units of the monomers are
assigned in the 'H NMR spectra given in Figure S4.

Deprotection of the ROS-Responsive Building Blocks.
The deprotection of the BCs was followed by '"H NMR in 1
and 10 mM H,0, environments in DMF-d,/PBS (pH
7.4).>1%%3% Figure 2 shows high-resolution "H NMR spectra
of BCs recorded from 5 min to 24 h after the addition of 1 or
10 mM H,0,. The spectra portrayed in Figure 2a,b (S min,
bottom) evidence weak and broad signals from the hydro-
phobic block and strong signals from the hydrophilic PHPMA
block for both BC1 (Figure 2a) and BC2 (Figure 2b) prior to
H,0, addition. These results demonstrate that the protons
corresponding to the hydrophobic block are restricted in
mobility (not observed in spectra), whereas the protons of the
PHPMA block corresponding to the hydrophilic segment of
the BCs are visible. Nevertheless, different behaviors after
H,0, addition were observed for BC1 (Figure 2a, top) and
BC2 (Figure 2b, top). The aryl boronic ester groups of BC1
are oxidized and subsequently hydrolyzed, evidencing the
stable intermediate 4-amino-phenol that does not undergo
quinone methide rearrangement. On the other hand, for BC2,
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the aryl boronic ester groups are oxidized and hydrolyzed with
the intermediate phenol in water quickly turning into 4-
(hydroxymethyl)phenol (Figures 1b and 2b). The 'H NMR
spectra evidence that the side chains of the BCs are fully
deprotected after 24 h (BC1, Figures 2a and S6; BC2, Figures
2b and S7) in the 10 mM H,0, environment. The
deprotection is time- and H,0,-concentration-dependent, as
evidenced by the course of the pinacol alcohol appearance
(Figure 2c), a product of deprotection of the pinacol ester-
protected boronic groups. For BC2 (Figure 2b, top), it is
clearly observed that the broad peaks in the "H NMR spectrum
related to the BC are replaced by the sharp peaks of the low-
molecular-weight side groups, demonstrating the subsequent
self-immolative reaction triggered by H,0,. The self-
immolative reaction proceeds more extensively by increasing
incubation time or H,0, concentration, as observed by
evaluating the time-dependent '"H NMR integral intensities
of the appearance of the 4-(hydroxymethyl)phenol group
(Figure 2d). The former group is a product of the quinone
methide rearrangement on the benzylic group that takes place
only in BC2 (Figures 1b, 2d, S6, and S7). This step of
deprotection is slower, and after 60 h (in 10 mM H,0,),
~53% of BC2 underwent the self-immolative reaction (Figure
2d, black squares and Figure S7b). The spectra recorded in
solvents suitable for both blocks were also compared (MeOD,
DMF-d,, cf. the Supporting Information, Figure S4).

We further evaluated the H,0, scavenging ability of the
BCs. In the experiment, 1 mg of BC1 and BC2 was added to 1
mL of different H,0, concentrations (200 and 100 yM) and
after 3 h of incubation, the concentration of H,O, in the
supernatants was determined by the Amplex Red Hydrogen
Peroxide/Peroxidase Assay.”” Figure S8 evidences that both
BCs are reactive to H,0, to similar extent [poly(lactic) acid-
block-poly(ethylene) oxide (PLA-b-PEO) was used as a
control]. The similar ability of both BCs to react with H,0,
is probably due to the similar amounts of pinacol-protected
boronic groups (Table 1). We highlight that both BCs respond
to pathophysiological relevant levels of H,0, (<1 mM).**

Characterization of the ROS-Responsive Polymer-
somes. Block copolymers containing hydrophilic PHPMA and
the hydrophobic boronic-based monomer in a given weight
ratio and with desired molecular weight can generate self-
assembled PSs in aqueous solution.'”'**® The manufacturing
of the self-assemblies has been conducted using the micro-
fluidic technique.”® Spherical and uniform PSs were obtained
from both BCs after dialysis, and they were detailedly
characterized by dynamic (DLS), static (SLS), and electro-
phoretic (ELS) light scattering; transmission electron micros-
copy (TEM); and cryogenic TEM (cryo-TEM). The size
distribution is monomodal with average diameter Dy ~ 120
nm (PDI = 0.09) for PS1 (Figure 2e, black circles) and Dy ~
132 nm (PDI = 0.10) for PS2 (Figure 2e, blue circles) after 24

https://dx.doi.org/10.1021/acs.biomac.9b01748
Biomacromolecules 2020, 21, 1437—-1449


http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01748/suppl_file/bm9b01748_si_001.pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.9b01748?ref=pdf

Biomacromolecules

pubs.acs.org/Biomac

a
1001 O ps1,PBs
= @ PS1,1mMH,0,
< © Ps2,PBS
o 80
7]
©
K
7]
74
[
=
s
5
S
£
S
o
0 3 6 9 12 15 18 21 24
time (h)
C
EL-4 cells
120
—@—free-DOX
100 —0—PS1
—O—PS2
:\; 80 IC5q (ug/ml) of DOX
; free-DOX = 0.021
Z 604 PS1=0.027
2
® PS2=0.051
5 40
20
04
T T T T
0.01 0.1 1 10
Concentration, pg/mL
e
M ps1
H PS1PMA+
Ps2
Bl PS2PMA+
Cells
T LRk | LA | LAY |

DQ-BSA

120
B free-DOX = PS1 m PS2
ok ok
| —— |
__100
£
e 80 #
g
5 60 #
(] | — |
2
s
< 40
o
20
0
Jurkat cells EL-4 cells
Jurkat cells
120 4
-@- free-DOX
100 -0~ PS1
-0-PS2
:\; 80 4 IC5q (ug/ml) of DOX
- free-DOX = 0.036
= 60+ PS1=0.031
=
8 PS2=0.064
5 404
20
04
0.01 0.1 1 10
Concentration, pg/mL
3.07 m Ps1 m Ps2
#
2.5 r 1
. #
3 L 1
o 2.0 f
o
3
o 1.51
2 #
8
3 1.01
i
0.5
0.0-
PMA NAC

Figure 3. (a) Doxorubicin cumulative release in PBS buffer (pH 7.4) (open blue circles, PS1; open green circles, PS2) and in 1 mM H,0, (solid
blue circles, PS1; solid green circles, PS2) over 24 h (n = 2). (b) PSs and free DOX cellular uptake by Jurkat and EL4 tumor cell lines after 2 h
incubation time (1 = 4). Cell viability of (c) EL4 and (d) Jurkat cell lines after 72 h incubation time with different concentrations of free DOX (red
circles) and DOX-loaded PS1 (blue squares) and DOX-loaded PS2 (green circles) (n = 4). (e) Flow cytometry analysis of EL4 cells preincubated
with PSs containing double-quenched bovine serum albumin (DQ-BSA) in the absence and presence of PMA (100 nM). (f) DQ-BSA release from
PS1 and PS2 in the presence of PMA (100 nM; ROS inducer) and in the presence of NAC (3 mM; ROS scavenger). Data are the ratio between
cells treated and untreated with PMA or NAC (+PMA) (n = 2). *p < 0.05; ***p < 0.001; #, nonsignificant.

h in PBS. The DOX loading leads to a gentle increase in the
diameter (~5—10 nm) and polydispersity (~0.18) of PS2
(Table 2), although not affecting its stability and applicability.

The combination of DLS and SLS data (Figure S9) provides
important information regarding the structural features of the
assemblies. The ratio Rg/Ry ~ 1.0 (Table 2) is the
characteristic of hollow spheres (vesicles).”*® The high

numbers for N,
28,37

are also expected for the vesicular
morphology. The size and morphology were confirmed
by the TEM images portrayed in Figure 2f (PS2) and Figure
S10a (PS1), where spherical and homogeneous PSs are
observed.
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Subsequently, the PS stability was evaluated under relevant
H,0, concentration (10 mM H,0,) as a function of time to
demonstrate the ROS responsiveness.”*>**** The PSs are
stable without changes in particle size during 24 h of
incubation in PBS at pH 7.4 (Figure 2e); nevertheless,
polymer deprotection and particle damage are observed after
incubation with H,0,. For PS2, the scattering intensity (I.)
drops almost 2-fold (Figure 2g, blue open circles) compared
with I, in PBS (Figure 2g, blue filled circles) and PSI in 10
mM H,0, (Figure 2g, open black circles). The more negative
surface charge ({-potential) after H,0, incubation also
suggests the deprotection of PS2 to the final carboxyl groups
(Figure 1b and Table 2). The DLS data agree with 'H NMR
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Figure 4. (a) In vivo biodistribution analysis of Cy7-PSs and free fluorescent dye DBCO-Cy7 (free Cy7) over 144 h in mice bearing EL4 T
lymphoma tumors. The mice were imaged in the right flank using an Ex/Em = 750/830 nm filter pair to visualize the Cy7 dye (white circles refer to
the tumor area). (b) Cy7-PS accumulation in different organs and in EL4 T lymphoma tumors after 7 days of PS administration. (c) Time-
dependent accumulation of Cy7-PSs in EL4 T lymphoma tumors compared to free Cy7 administration (* indicates statistical significance provided
by one-way ANOVA; *p < 0.0S; **p < 0.01; #, nonsignificant; n = 3 mice/group).

deprotection experiments discussed above and confirm that the
deprotection (following the self-immolative reaction) of BC2 is
more evident than in BC1 (Figures 2, S6, and S7). For BC2,
H,0,-triggered polymer deprotection is most likely due to the
surface-eroded PSs (decrease in I, ~ 45%) (Figure 2g). The
changes in I are mostly related to the reduction in M,,ps))
(Table 2 and Figure S9), although a minor change in the
refractive index of the polymer was monitored (from 0.173 to
0.166 mL-g™" before and after deprotection, respectively).
PS2 also has been imaged by TEM after incubation in 10
mM H,O, (Figure 2h,i). The PS2 self-assemblies become
irregular after 24 h incubation (Figure 2h, arrows) and vanish
after 72 h (Figure 2i). The polymeric vesicles were
complementarily imaged by cryo-TEM (Figure S10b,c), and
surprisingly, PS2 showed a little difference in morphology after
incubation in H,0, (Figure S10c), in contrast with PS2
incubated in PBS for 72 h (Figure S10b), suggesting that it is
still not completely damaged. Nevertheless, it is much more
permeable after H,O, incubation, in agreement with the
reduction in light scattering monitored (Figure 2g, open blue
circles). The contrast change upon incubation in H,O, is
confirmed by plotting the profile of the gray value of the
particles using the Image J software (Figure S10b,c, inset).
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In Vitro Assays. The ROS responsiveness of the
manufactured polymersomes evidenced by 'H NMR, DLS,
TEM, and cryo-TEM was expected to influence the release of
DOX encapsulated into their aqueous lumen. To evaluate this
teature, we prepared DOX-loaded PSs. The values of LE and
LC were determined by UV—vis (LE = 36.5% and LC = 3.65%
for DOX-PS1 and LE = 34.2% and LC = 3.42% for DOX-PS2).
The DOX release was monitored in vitro by UV—vis during 24
h of incubation in PBS or 1 mM H,0,. DOX release in the
H,O0, environment is faster than in PBS, regardless of the
polymersome, although a faster release is monitored for PS2
(Figure 3a). Both PSs released DOX twice faster in the
simulated ROS-rich microenvironment compared to the
release in PBS. This behavior preliminary suggests that they
could play an important role in the cytotoxicity to cancer
cells.>* ¥ In a step further, we evaluated the cellular uptake of
DOX-loaded PSs in EL4 and Jurkat lymphoma cells. The cell
lines were selected due to their clinical relevance (DOX is
frequently used in the treatment of lymphoma tumors) and
due to their ROS overproduction.””~*' The presence of DOX
(470/585 nm, Ex/Em) enables the investigation of cellular
uptake by flow cytometry. Free DOX and PS1 and PS2 with
DOX-loaded equivalent amounts were incubated with the cells,
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Figure S. (a) In vivo therapeutic effects of PSs, free DOX, and saline on the growth of T cell lymphoma EL4 (black arrows indicate injections). (b)
Kaplan—Meier survival plot of mice after 3 X S mg DOX (equiv)/kg administration and untreated control. (c) Body weight changes during PSs and
free DOX treatment. (d) Serum creatine kinase levels in the blood after saline, free DOX, PS1, and PS2 administration in mice bearing EL4 T
lymphoma. *p < 0.05; **p < 0.01; ***p < 0.001; #, nonsignificant (saline: n = 6; free DOX: n = 8; PS1: n = 8; PS2: n = 8).

and fluorescent intensity was monitored. The results provided
in Figure 3b evidence similar uptakes of PS1 and PS2,
regardless of the cell line. Indeed, the cellular uptake of
nanostructures is influenced by the particle size, shape, and
surface charge, for instance. Nevertheless, similar uptake
behavior is probably due to the identical chemical nature of
the nanoparticle shell (PHPMA-stabilized assemblies). Addi-
tionally, both assemblies are spherical with similar sizes and
surface charges (Table 1).

Afterward, the in vitro therapeutic effect of DOX-loaded PSs
for Jurkat and EL4 cells was evaluated using the Alamar Blue
assay after 72 h incubation time. Drug-free PSs were also
evaluated up to the maximum concentration of 100 ug-mL™".
In such cases, cell viability was never lower than ~60% (Figure
S12). The cytotoxicities of free DOX and DOX-loaded PSs are
similar, as confirmed by the ICs, values (Figure 3c,d). The
slightly lower ICy, value for free DOX, particularly to EL4 cells,
is probably due to its ability to diffuse into the cell nuclei.**~**
Nevertheless, the cytotoxicities of free DOX and DOX-loaded
PSs are similar at higher DOX concentrations, pointing out the
effectiveness of both formulations against the cancer cell lines.
Accordingly, although free DOX is uptaken to a greater extent
(Figure 3b), the biological activity is similar to that of DOX-
loaded PSs, suggesting that the ROS responsiveness helps the
intracellular delivery of the active agent endorsing an efficient
cytotoxic effect. Indeed, to demonstrate intracellular polymer-
some degradation, PSs were also loaded with double-quenched
DQ-BSA, which emits fluorescence upon protease cleavage.*
They were further incubated with EL4 cells, and the
fluorescence intensity was monitored by flow cytometry
(Figure 2e). The cells were also treated with the ROS inducer
phorbol 12-myristate 13-acetate (PMA, 100 nM).** In the
presence of PMA, the fluorescence was markedly higher in EL4
cells incubated with PS2 (PS2 PMA+) compared to any other
evaluated formulation. This is clearly seen in Figure 3f.
Furthermore, the same fluorescence intensity is observed for
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both PSs (Figure 3f) after preincubation with NAC (ROS
scavenger)47 and treatment with PMA, confirming that PS2 is
able to selectively release its cargo into ROS-stimulated cancer
cells.

In Vivo Assays. The biodistribution assays were performed
using the fluorescent dye DBCO-Cyanine7 (Cy?7, Figure S11),
which can be detected in deep tissues.”* The Cy7 was
conjugated to the ROS-responsive BCs by the copper-free
click-chemistry reaction, and the fluorescence in vivo was
monitored after the administration of free Cy7 and Cy7-PSs.
The in vivo imaging is provided in Figure 4a and the
quantitative values in Figure 4b. The PS accumulation is more
noticeable in the liver, kidneys, spleen, and tumor. The PS
accumulation is generally dependent on the administration
route, size, and chemistry (surface charge, hydrophilic shell,
shell density). Nevertheless, a higher accumulation in these
organs is frequently reported.**>" The free Cy7 accumulated
~2—3 times less in the tumor compared with the PSs at longer
incubation times, such as 3—7 days, which is most likely an
effect of the long blood circulation promoted by the PSs
(Figure 4a,c). The observed enhanced tumor accumulation
with prolonged circulation times is favorable for the efficacy of
the therapeutic treatment and is in agreement with the results
obtained for other similar stealth nanomedicines.*>**~>*

The accumulation of Cy7-PS1 and Cy7-PS2 in the organs
and in the tumor is similar as a consequence of the related
features of the vesicles (size, shape, and surface charge).
Overall, these results demonstrated that the PSs circulate for
reasonably long times in vivo, suggesting that they are
potentially able to promote the accumulation of loaded drugs
into tumor sites, thereby enhancing the effectiveness of
chemotherapeutic treatments.

In line with this, we further evaluated the in vivo antitumor
efficacy of the DOX-loaded polymersomes intravenously
injected into the tail vein of mice bearing EL4 T cell
lymphoma. DOX-loaded PS1 and PS2, PBS, and free DOX
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were administered at a dose of S mg DOX (equiv)/kg after 7
days of tumor transplantation on days 0, 4, and 8 (named days
of treatment). The tumor growth and mouse survival were
monitored, and the results are provided in Figure S. Enhanced
suppression of tumor cell growth and extended survival time
are observed when the animals were treated with PSs (Figure
Sab). Additionally, the side effects of the chemotherapeutic
treatment were remarkably reduced when DOX was
encapsulated into the polymersomes. This is evidenced by
the balanced body weight (Figure Sc) and reduced DOX
cardiotoxicity (one of its main shortcomings), as suggested by
the reduction of serum creatine kinase levels monitored in
mice blood (Figure Sd). Accordingly, the in vivo accumu-
lations of PS1 and PS2 as well as in vitro cellular uptake (for
EL4 cells) and cytotoxicity at concentrations higher than 0.1
ugmL™" are similar. Therefore, although PS2 demonstrates
deprotection followed by the self-immolative reaction,
releasing the cargo (DOX, DQ-BSA) to a greater extent
compared to PS1, the efficacy in the treatment of lymphomas
in vivo was similar for both evaluated ROS-responsive
assemblies.

B CONCLUSIONS

We describe the successful development of ROS-responsive
BCs to manufacture PSs with the tunable site-specific release of
the chemotherapeutic drug DOX. We demonstrated that BC
and PS chemistry influences the deprotection behavior,
showing dependence on BC deprotection linkage and H,O,
conditions. The results from this pioneering work suggest that
the ROS-responsive PSs produced exhibit the physicochemical
and biological properties required for practical applications as
nanomedicines with potential for tumor-targeting DOX
delivery based on the ROS-triggered release mechanism in
vitro and in vivo. Furthermore, the simplicity and effectiveness
of the PS approach and the ability to chemically modify the
resulting particles ensure the application in various fields of
research and for different disease treatments.
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pH-dependent disruption of giant polymer vesicles: A step
towards biomimetic membranes

Vladimir Sincari?, Eliézer Jdger?, Kahynna Loureiro Cavalcante?, Martina Vragovic?, Eddie Hofmann®,
Mathias Shlenk®, Petr Stépanek?, Martin Hruby?, Stephan Férster®©d and Alessandro Jager*?

Polymer giant unilamellar vesicles (PGUVs) capable of selectively delivering protected payloads into intracellular
environments and releasing them in stimuli-triggered, precise spatially and temporally controlled manners are attractive
bioactive cargo delivery tools. Herein, we present highly size-defined and monodisperse (42.1 + 1.2, 60.5 + 1.0, 80.4 + 1.4
and 97.9 + 1.2 um in diameter, respectively) pH-responsive giant PGUVs prepared via microfluidic droplet generation using
(PDMS)-based  microfluidic
(diisopropylamino)ethyl methacrylate] (PEO-b-PDPA) is a pH-responsive polymer that was synthesized via reversible

a flow-focusing poly(dimethylsiloxane) device. Poly(ethylene oxide)-block-poly[2-
addition-fragmentation chain-transfer (RAFT) polymerization and used in combination with poly(ethylene oxide)-block-
poly(1,2-butadiene) (PEO-b-PBD) to produce homogeneous pH-responsive giant PGUVs. To demonstrate the spatiotemporal
control provided by this approach, we studied in detail the pH-responsiveness of PGUVs according to the disruption and
release of dye cargo under distinct acidic conditions using fluorescence confocal microscopy. This approach can be utilized

to fabricate pH-responsive delivery systems for various active compounds, microreactors, and artificial organelles, thereby

paving the way towards cell mimicry.

Introduction

Polymer vesicles are self-assemblies of amphiphilic diblock
copolymers that correspond to hollow structures surrounded
by polymer bilayer membranes.! Their bilayer membrane can
encapsulate and release hydrophobic molecules, while their
aqueous core is used for hydrophilic cargo.? In contrast to lipid
vesicles, which are also known as liposomes, polymeric vesicles
are more versatile and possess enhanced microstructural
stability, as well as compromised bilayer permeability.3 In terms
of size, vesicles can be classified as either small, with diameters
in the hundreds of nm range, or giant, with diameters >1 um.*
One application of giant polymer vesicles is as synthetic
compartments in artificial cells and organelles.>=® Specifically,
polymer giant unilamellar vesicles (PGUVs) have become
increasingly popular model systems in bottom-up synthetic
biology because they can be manufactured from lipids and/or
amphiphilic block copolymers to match the dimensions and
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basic functions of eukaryotic cells.? PGUVs can be observed
under optical microscopes using various enhancement
techniques, such as phase contrast, differential interference
contrast, and confocal and standard fluorescence microscopy.
The versatility and enhanced properties of PGUVs include
control over block lengths,1© molecular weights,’! and
functionalization with specific groups!? to create stimuli-
responsive systems. However, it is very challenging to develop
pH-sensitive PGUVs that can quickly release drugs under the
acidic conditions encountered in some pathological
microenvironments, such as cancer!3, inflammation4, and
ischemial®, or upon vesicle endocytosis in early endosomes?6.
Recently, Gibson et al. designed pH-responsive giant hybrid
polymer/lipid unilamellar vesicles (GHUVs) formulated with
poly(ethylene oxide)-block-poly(dimethylsiloxane) and a
cationic switchable lipid prepared by an electroformation
method.1” The latter component undergoes a pH-triggered
conformational change that induces membrane destabilization
and GHUV morphological changes, such as protrusions and
fission upon acidification. Additionally, by monitoring the
fluorescence leakage of the encapsulated calcein, the authors
noted that GHUV membrane permeability to calcein increases
under acidic conditions. Although these results are promising,
the authors could not control the amount of cationic lipids in
different GHUVs and therefore the release of calcein from the
GHUVs because of a lack of control in their preparation method.



Currently, GHUVs and PGUVs can both be manufactured
through methods, such as film rehydration,!®
electroformation??, emulsion centrifugation and
polymerization-induced self-assembly.2? Although the vesicles
can be produced through simple methods, the assemblies
produced by these methods are naturally polydisperse and have
low drug-loading efficiency?. In contrast, microfluidic
techniques use microdroplet technology to create double
emulsions of water-in-oil-in-water (w/o/w), thereby allowing
precise control over vesicle formation, with a narrow
monodisperse size distribution and improved encapsulation of
several compounds.?223 Microfluidic devices for the production
of giant vesicles include glass capillary devices, 3D-printed
devices, and PDMS systems based on soft lithography
processes.?* Glass capillary systems encounter difficulties in
terms of channel design and customization, while 3D-printed
devices face material property limitations and imprecise
channel lengths.2> In contrast, PDMS devices fabricated by soft
lithography can be prepared with various sophisticated channel
designs with high accuracy.?® However, PDMS can be used
directly with only a few solvents, such as alcohols and oils. Since
PDMS has poor chemical resistance and swells when contacting
many organic solvents, additional coatings, such as glass-like
sol-gel, are generally applied.?” Sol-gel coatings, such as
tetraethoxysilane (TEOS) modification, produce durable glass-
like layers that significantly increase the resistance of PDMS
channel walls.

Although the field has progressed substantially, the production
of PGUVs that respond to relevant physiological conditions has
not yet been reported. Herein, we report a novel microfluidic
technology for developing extremely monodisperse pH-
responsive PGUVs through a water/oil/water (W/O/W) double
emulsion method prepared via a microfluidic PDMS device. The
PDMS devices were fabricated by soft lithography, and the
microchannels were coated with a sol-gel tetraethyl
orthosilicate (TEOS) technique that produced durable glass-like
layers, thereby significantly increasing the resistance of the
PDMS to organic solvents. The selected inner junction channels
were rendered by hydrophilic coatings with PEO via plasma

various

activation to generate double emulsion microdroplets. As a pH-
responsive  polymer, poly(ethylene oxide)-block-poly[2-
(diisopropylamino)ethyl methacrylate] (PEO4s-b-PDPA,;) was
synthesized by controlled reversible addition-fragmentation
chain-transfer (RAFT) polymerization and used in combination
with commercial poly(ethylene  oxide)-block-poly(1,2-
butadiene) (PEOss-b-PBDss) to produce homogeneous pH-
responsive PGUVs. The pH response was studied in detail by
confocal microscopy, and the results demonstrate prompt
spatial and temporal pH-controlled PGUV disruption under the
relevant simulated physiological conditions. This approach can
be utilized to fabricate pH-responsive delivery systems for
several active compounds, microreactors, and artificial
organelles, paving the way towards cell mimicry with an
unprecedently defined, controlled, robust and simple approach.
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Results and Discussion

Synthesis and characterization of the block copolymer

Poly(ethylene oxide)-b-poly[2-(diisopropylamino)ethyl
methacrylate (PEO-b-PDPA) diblock copolymer was successfully
synthesized by RAFT polymerization, from which the
commercial PEO macro chain-transfer agent (PEO macroCTA)
(M, = 2000 g mol?l) 2-(diisopropylamino)ethyl methacrylate
(DPA) monomer was grown. This monomer was carefully
chosen because it is an ultra-pH-sensitive monomer that
undergoes a hydrophobic/hydrophilic switch in the small pH
window of 6.30 < pH < 6.95, which is remarkably close to the pH
of the microenvironment in tumour cells; thus, this block
copolymer is particularly useful for various biological
applications (discussed hereafter).28.2°

The weight-average molecular weight (My, = 6 945 g-mol1?),
number-average molecular weight (M, = 6 257 g-moll) and
dispersity (Mw/M, = D = 1.11) of the block copolymer were
determined by SEC (Fig. Sla), and the composition was
characterized by 'H NMR spectroscopy, showing the
characteristic signals of protons belonging to PEO and DPA
repeated units (Fig. S1b). The weight fraction of the hydrophilic
block (PEO) was 28%, which is within the well-known range for

obtaining polymer vesicles. 30

Microfluidic setup

We designed a microfluidic device for producing monodisperse
W/O/W double emulsions that includes a six-way PDMS
junction (Fig. 1) with one inner aqueous phase (IA) channel, two
polymer-carrying organic phase (PO) channels, two outer
aqueous phase (OA) channels and a downstream channel. The
PDMS structures were fabricated using soft lithography of a
silicon template (see Methods). A critical design step is
controlling the hydrophobicity/hydrophilicity of the channels.
To prevent the adsorption of droplets on the surface of the
channel, the post-junction and main channel areas were coated
with poly(ethylene oxide) (PEO; Supplementary Fig. S2;
Methods). It is worth mentioning that stable W/O/W double-
emulsion droplets are produced only after successful
hydrophilic coverage of the regions of interest by PEO. Using
independent syringe pumps, the IA stream and surrounding PO
streams were hydrodynamically focused and subsequently
compressed/squeezed by the two OA streams (Fig. 1). This
approach produced stable and monodisperse double-emulsion
droplets stabilized by PEO34-b-PBD4s and/or PEO34-b-PBD4s and
PEO4s5-b-PDPA,o in a single step in the proposed microfluidic
device (Fig. 1b). In the 6-channel microfluidic device, double-
emulsion droplets are formed in the dripping regime at the
junction where the 5 inlet streams meet after being focused in
the main downstream channel in the direction of the outlet. The
IA stream generates an inner aqueous emulsion droplet that is
stabilized by the two PO streams and simultaneously broken
down by the OA streams (Fig. 1a, Video S1). Because the IA
phase is in contact with only the immiscible PO phase,
hydrophilic compounds in the inner aqueous droplet of

This journal is © The Royal Society of Chemistry 20xx



Fig. 1 Schematic representation of the microfluidic device for producing PGUVs
using W/O/W double-emulsion droplets. (a) Bright field microscopy images of the
microfluidic device producing W/O/W double-emulsion droplets and (b) PGUVs
after solvent evaporation (overnight at room temperature under nitrogen flow).
The scale bar represents 100 um.

the double emulsion are retained without leakage to the outer
continuous phase during emulsion fabrication. This concept is
demonstrated by the addition of calcein to the IA stream and
Nile red to the PO streams during the production of the double-
emulsion droplets (Fig. 2). After toluene evaporation, the
calcein was trapped in the aqueous phase, while the Nile red
was found in the polymeric bilayer, allowing simultaneous
observation of the PGUV aqueous core and bilayer shell using
fluorescence microscopy.

Fig. 2 CLSM images of the pH-responsive PGUVs produced in the microfluidic
devices using Nile red and calcein. (a) Using only the bright field, (b) using only the
fluorescent excitation/emission range of Nile red (Aex = 635 Nnm; Aoy = 645-665 nm),
(c) using only the excitation/emission range of calcein (Aex = 488 NM; Ae = 510-545

m) and (d) using the excitation/emission ranges of both Nile red and calcein. The
scale bar denotes 100 um.

This journal is © The Royal Society of Chemistry 20xx

Transition from double emulsions to large vesicles

According to Weitz et al.31, the transition from monodisperse
W/O/W double-emulsion droplets to giant vesicles can be
described by various dewetting stages. The entire process
occurs in approximately 5 minutes and was followed by bright
field microscopy observations (Fig. S2). During the first stage,
the layer containing the organic solvent wets almost the entire
drop. This step is very fast, occurring in only a few seconds;
therefore, this stage could not be observed under the
microscope. In the next stage, the organic layer dewets from the
inner drop, and the polymer migrates to the interface, resulting
in a water droplet surrounded by a thin polymeric layer (Fig. S2,
15 to 300 s). Thereafter, no changes were observed in the
droplets over 24 hours, and we assume that toluene was
completely evaporated. The final morphology is a vesicular
system composed of a uniform bilayer of PEQ34-b-PBD4s with
PEOQ4s-b-PDPA,o copolymers sitting at the interface between the
aqueous core and external water phase, thereby forming stable
PGUVs (Fig. S3, 24 h).

Tuning the size of monodisperse PGUVs

A very important parameter of PGUV production is controlling
and fine tuning the size and dispersity of the PGUVs. In this
respect, existing microfluidic methods can easily produce
monodisperse PGUVs in the range of 5 to 500 um.32 Fig. 3a
shows the frequency histogram distributions of four batches of
PGUVs produced in the size range of 40 to 100 um. The red lines
are Gaussian fits to each individual histogram distribution, and
the arrows indicate the mean diameters and standard
deviations (from left to right: 42.1 + 1.2, 60.5 + 1.0, 80.4 + 1.4
and 97.9 £ 1.2 um, see Methods). In each batch, a very narrow
and monodisperse size distribution was obtained, with the
coefficient of variation ranging between 1 and 4%. A clear
example of the monodispersity of the PGUV systems is shown
in the confocal laser scanning microscopy (CLSM) images of two
distinct batches with sizes of 42.1 (Fig. 3c) and 97.9 um (Fig. 3d).
Concerning the manipulation of the particle size, it is well
established that the flow rate of the OA and IA streams dictates
the final PGUV diameter. The flow rate of the IA stream governs
the amount of fluid that is encapsulated, while the flow rate of
the OA stream determines how frequently pinch-off occurs.
Thus, the lower the flow rate of the IA stream and the higher
the flow rate of OA stream, the smaller the size of the primary
W/O/W emulsion droplets and thus the final size of the PGUVs.
Additionally, the dimensions of the IA channel determine the
minimum fluid volume that is encapsulated, setting a lower limit
on the PGUVs. For example, by manipulating the flow rates, we
obtained linear relationships between the size of the PGUVs in
the range of 40 to 80 um (Fig. 3b) using a chip with an IA channel
dimension of 35 um (Fig. S4a) and 89.3 to 104.5 um (Fig. S5)
using a chip with an IA channel dimension of 65 um (Fig. S4b).
Reducing the channel dimensions further results in even smaller
PGUVs. The sizes of the PGUVs produced in this work are within
the typical range for eukaryotic cells 33 (10-100 um); thus, these
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Fig. 3 (a) Frequency histograms of PGUVs in the size range of interest (40-100 um)
with highly monodisperse §1.1 to 2.8%) populations (n > 200 particles). The red
lines represent Gaussian fits for the individual histograms, while the arrows
indicate the mean diameter and corresponding standard deviations (42.1 + 1.2,
60.5+1.0,80.4+1.4and 979+ 1.2 msa. (b) PGUV diameter as a function of the
flow rate ratio of the OA/IA channels produced using a chip with an IA channel
dimension of 35 um. The line indicates a linear fit. (c) CLSM images of PGUVs using
the fluorescent excitation/emission ranges of calcein (Aex = 488 nm; Aoy = 510-545
nm) and Nile red (Aex = 635 Nnm; Aep, = 645-665 nm). The scale bar denotes 100 pum.

PGUVs are promising candidates as a mimetic model for
studying artificial cells and membranes.

Controlling the collapse of pH-responsive PGUVs

To produce relevant pH-responsive PGUV systems for
biomedical applications, it is very important to ensure their
stability in neutral media as well as their fast response to small
external changes in pH under biological conditions. The PDPA
polymer is a very promising biomaterial candidate for building
pH-triggered controlled delivery systems for biomedical
applications. PDPA is sensitive to small changes in external pH
and completely dissociates in less than a second when the pH
decrease to a value less than its pKa of 6.8 3436, Moreover, PDPA
is stable under physiological conditions, allowing nanocarrier
systems built from this polymer to retain their original structure
in vitro and in vivo at a pH of 7.4 37. Notably, pH-responsive PDPA
nanoplatforms can target the extracellular or intracellular pH
condition of tumoral tissues to realize pH-triggered drug
release, thereby reducing undesirable side effects while
improving drug delivery efficiency. To date, there are no records
of using PDPA polymers to produce pH-responsive PGUVs.
Therefore, we synthetized the pH-responsive block copolymer
PEO4s-b-PDPA;0 and mixed this copolymer with the
commercially available PEO3s-b-PBD4g at a weight ratio of 1:25
(1:3.75 molar ratio) to produce stable pH-responsive PGUVs.
Several ratios were tested (12.5:25; 6.25:25; 3.12:25; 1:25), and
the ratio 1:25 was selected because it provides PGUVs with the
greatest long-term stability (2 weeks). The stability of the pH-
responsive PGUVs was evaluated as a function of time under
simulated neutral and acidic conditions using CLSM (Fig. 4).

Images of the pH-responsive PGUV samples were acquired at an
interval of 60 seconds for a period of 60 minutes under neutral
(pH = 7.4) conditions and a period of 20 minutes under mildly
acidic (pH = 6.0) conditions (see methods). Fig. 4a-d show
images of the pH-responsive PGUVs during selected time
intervals within the 60 minute observation period under
simulated neutral conditions at pH = 7.4. The CLSM images show
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that no significant differences were observed in the number or
fluorescence intensity of the PGUVs during this period (Fig. 4a-
d). However, after exposure to pH = 6.0, the pH-responsive
PGUV samples showed clear decreases in the number of
particles and fluorescence intensity of calcein as a function of
time (Fig. 4e-h). After 15 minutes of exposure, the number of
pH-responsive PGUVs decreased to ~90% (Fig. 4h). The
reduction in the number of pH-responsive PGUVs upon
acidification (pH= 6.0) indicates the presence of the pH-
responsive block copolymer PEOa4s-b-PDPA;o in the bilayer
membrane of the PGUVs. Because the pH-responsive PGUVs
were prepared under neutral conditions (pH = 7.4, see
Methods), the PDPA block is hydrophobic and sticks to the PBD
block, forming polymeric bilayer membranes in the PGUVs.
When the pH is less than the pKa of PDPA, the polymer block
protonates and becomes hydrophilic, inducing water swelling in
the polymeric bilayer. This swelling reduces the hydrophobicity
of the bilayer membrane to the point where the membrane can
no longer can maintain its integrity, and the PGUVs are
disrupted. The disruption of the PGUVs releases the loaded
calcein, causing the fluorescence intensity to fluctuate. The
disruption of the pH-responsive PGUVs inducing calcein release
was observed in real time (Video S2), and images of the
disruption of a selected PGUV over time are shown in Fig. 5. The
entire process involving the protonation of the PDPA block in
the polymer bilayer membrane and the subsequent PGUV
disruption is described in Scheme 1.

Fig. 4 A series of confocal images of the responsive PGUVs as a function of time
during exposure to pH 7.4 (a-d) and pH 6.0 (e—hg at room temperature. The images
depict the fluorescence excitation/emission of calcein (Aex = 488 nm; Aeyy = 510-
545 nm) and Nile red (Aex = 635 NM; Ae = 645-665 nm). The scale bar denotes 100
um.

..
Fig. 5 Time frames in seconds showing the disruption of a pH-responsive PGUV
and calcein release at pH 5.0. The images were obtained using the fluorescence

excitation/emission of calcein (Aex = 488 nm; Aoy = 510-545 nm). The scale bar
denotes 100 pm.

This journal is © The Royal Society of Chemistry 20xx



Scheme 1 pH-triggered disruption of calcein-loaded PGUVs composed of the pH-
responsive block copolymer PEO,s5-b-PDPA,, and the amphiphilic block copolymer
PEO34-b-PBDy4s. The PDPA and PBD hydrophobic blocks are represented in orange,
the PEO hydrophilic block in green and calcein in red.

The pH dependence of the PGUV disruption under different
acidic conditions as a function of time is shown in Fig. 6. The
sensitivity of the PGUVs to small differences in the external pH
was observed by following the changes in the number and
fluorescent intensity of the PGUVs over time. Initially, the time
for the PGUVs to be disrupted decreased significantly with
decreasing pH. At pH 6.5, the time for approximately ~50% and
~80% of the PGUVs to be disrupted was ~8.5 and 12 minutes,
respectively (Fig. 6a). Moreover, at pH 6.0 and 5.0, the time to
disrupt the same percentage of PGUVs was found to be
approximately 4.6 and 3.8 minutes, respectively. The disruption
of the PGUVs as a function of pH clearly presents distinct
profiles when pH values of 6.0, 5.0 and 6.5 are compared. At pH
6.5, the disruption of the PGUVs as a function of time follows a
stepwise and nearly linear profile (from 5 to 12 minutes),
whereas at pH 6.0 and pH 5.0, a sharp decrease is observed, and
most PGUVs (> 80%) are disrupted within 3 minutes. The
differences in the disruption profile of the PGUVs as a function
of pH illustrate the strong dependence of the external proton
concentration on the protonation process of the PDPA block.
Assuming a similar polymer concentration, the results clearly
indicate that the lower the external pH is in comparison to the
pKa of PDPA, the faster the protonation of PDPA and the
disruption of the PGUVs. Furthermore, the sharp decrease in
the number of PGUVs observed at the highest proton
concentrations (pH = 6.0 and 5.0) suggests that a similar amount
of PDPA polymer is incorporated into each PGUV. The pH
dependence of PGUV disruption as a function of time was also
observed by qualitatively measuring the profile of the
fluorescence intensity during the release of calcein (Fig. 6b).
Initially, the fluorescence intensity increased due to the fast
release and accumulation of calcein from the disrupted PGUVs
in the external media. Considering a time interval of 60 seconds,
the maximum fluorescence intensity from the calcein released
at pH = 6.5, 6.0 and 5.0 was observed at 7, 5 and 4 minutes and
corresponds to the disruption of 50, 73 and 61% of the PGUVs
(Fig. 6a), respectively. Thus, the fluorescence intensity clearly
shows the pH dependence of the calcein release, matching the
number of PGUVs that were disrupted as a function of time. The
time-related differences among the PGUV responses at distinct

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Number percentage (a) and normalized fluorescence intensity of calcein (b)
f0||' pH-responsive PGUVs as a function of time after exposure to different pH
values.

Fig. 7 A series of confocal images of nonresponsive PGUVs as a function of time
during exposure to pH 7.4 (a-d) and pH 5.0 (e-h) at room temperature. The images
were obtained using the fluorescence excitation/emission of calcein (Aex = 488 nm;
Aem = 510-545 nm) and Nile red (Aex = 635 nm; A, = 645-665 nm). The scale bar
denotes 100 pm.

pH values demonstrate the sensitivity of the PDPA block to
external stimuli and its potential application as a biomaterial for
the development of controlled drug delivery systems.

For comparison, nonresponsive PGUVs with only PEO34-b-PBD4g
were prepared in the same manner and evaluated during
exposure to pH = 7.4 and 5.0 (Fig. 7). No differences in the
number or fluorescence intensity of the PGUVs were observed
after 30 minutes of exposure to pH = 7.4 or 5.0 (Fig. S5),
confirming that the pH response of the PGUVs is due to the
presence of the PDPA polymer in the polymer membrane
bilayer.

Cytotoxicity studies of the PGUVs

Ultimately, the in vitro cytotoxicity of the PGUVs was evaluated
by placing them in contact with rat mesenchymal stem cells
(rMSCs) for 24 or 72 hours. The rMSC cell viability data as a
function of PGUV concentration and incubation time are given
in Fig. 8a (24 h) and 8b (72 h). The results demonstrate the
excellent biocompatibility of giant polymersomes with the
rMSC cell line for both incubation times, suggesting that the
PGUVs are biocompatible and nontoxic at least up to 100 pg-mL-
1. The viability of the rMSCs in contact with the PGUVS is
comparable to the viability of cells incubated with a variety of
self-assemblies based on the PDPA 3838 block and PBD 3°40 block
(no statistically significant differences found by ANOVA at
a=0.05), demonstrating their potential as safe building blocks in
biomedical-related applications.

J. Name., 2013, 00, 1-3 | 5
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Fig. 8 Cell viability of rMSCs upon contact with PGUVs for 24 h (a) and 72 h (b).

Methods
Materials

Poly(butadiene)-b-poly(ethylene oxide) (PBD-b-PEOQ) Mw =~
2,500:1,500 (PBD4s-b- PEO34) was purchased from Polymer
Source (Dorval, Quebec, Canada). The 2-
(diisopropylamino)ethyl methacrylate monomer (DPA, 97%),
initiator 4,4-azobis(4-cyanopentanoic acid) (V501) and macro
chain transfer agent poly(ethylene oxide) 4-cyano-4-
(phenylcarbonothioylthio)pentanoate (PEO macro CTA) with an
average M, of 2,000 g mol?! were purchased from Sigma-—
Aldrich. Tetraethyl orthosilicate (TEOS), poly(ethylene glycol)
with an average M, of 4,600 g mol-1 (PEG 4,600), poloxamer 188,
Nile red and calcein were purchased from Sigma—Aldrich and
used as received. All solvents were of analytical grade (Sigma—
Aldrich). The water used was pre-treated with the Milli-Q° Plus
System (Millipore Corporation).

Synthesis of the poly(ethylene-oxide)-b-(2-
(diisopropylamino)ethyl methacrylate) (PEG-b-PDPA) block
copolymer

In a Schlenk flask equipped with a
poly(ethylene oxide) 4-cyano-4-
(phenylcarbonothioylthio)pentanoate 2000 g-mol-l (PEO 2000
macroCTA) azide (200 mg, 0.1 mmol) was dissolved in dioxane
(2 mL), and 2-(diisopropylamino)ethyl methacrylate (DPA)
monomer (160 mg, 0.75 mmol) was dissolved in dioxane (2 mL).
The initiator AIBN (8.2 mg, 0.05 mmol) was dissolved in DMSO.
The solutions were mixed, and the mixture was purged with
argon for 15 minutes. Three freeze-pump-thaw cycles were
performed, and the solution was purged again with argon for 15
minutes before being placing in an oil bath at 70 °C to start the
polymerization process, which occurred over 48 h. Afterwards,

magnetic stirrer,

the polymerization was quenched by exposing the reaction
mixture to air and liquid nitrogen. The final product was purified
through a Sephadex LH-20 column in methanol and precipitated
in cold diethyl ether. The PEO-b-PDPA block copolymer was
analysed by size exclusion chromatography (SEC) and 1H NMR.

Fabrication of microfluidic devices

The microfluidic device was designed and fabricated using a
previously described standard lithography process 4. The
microchannel structures were designed using AutoCAD
software (Autodesk) and printed on a mask foil with a UV-
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absorbent ink (JD Photo Data). A negative photoresist (SU-8,
Microchem Co.) was spin-coated onto a silicon wafer, and a
mask aligner (Stiss Mikro Tec) was used to transfer the printed
microchannel structure from the mask foil to the photoresist,
generating the silicon wafer master. Next, the master was used
to produce poly(dimethyl siloxane) (PDMS) replicas for a 3D-
focusing chip design via soft lithography, which is described in
detail in the Supporting Information. Finally, inlet ports were
punched into the PDMS microchannels and interfaced with
polyethylene (PE) tubes to ensure that fluids could be pumped
into the devices by using high-precision syringe pumps (Nemesis
system; Cetoni GmbH).

TEOS modification of the microfluidic device

TEOS modification was performed as described in 2. TEOS was
mixed with ethanol at a ratio of 1:1, and the device channels
were filled with the solution for 15 minutes. The remaining
solution was blown with air, and 33% w/v aqueous acetic acid
was loaded to catalyse the hydrolysis of TEOS for 3 minutes.
Afterwards, the device was blown with air and dried at room
temperature for 1 day.

PEG treatment of the microfluidic device

Hydrophilic rendering of the downstream channels was
performed by adsorption of PEG 4,600 on the PDMS surface.
First, the microfluidic device was treated in an oxygen plasma
oven with 80 W of power for 1 minutes. Immediately after,
positive air pressure was applied to the selected inlet channels
by using Flow-EZ 2000 mbar pumps (Fluigent), and a 460 mg
ml-1 PEG solution was applied to the outlet. The procedure
continued for 30 minutes. Then, the outlet tube was removed,
air was flushed through the inlets, and the device was placed in
an oven at 115 °C for 20 minutes to immobilize the PEG 4,500
on the PDMS surface.

Solution compositions

The inner aqueous (IA) and outer aqueous (OA) phases
consisted of 50 mg/ml surfactant poloxamer 188 in a
glycerol/Milli-Q water solution (100 mOsm L-1) with an
adjusted pH of 7.4. Diblock copolymers poly(butadiene-block-
ethylene oxide) and poly[2-(diisopropylamino) ethyl
methacrylate]-block-poly(ethylene oxide) at a ratio of 25:1
(w/w) were dissolved in toluene and used as polymer-carrying
organic (PO) phases.

Preparation of the PGUVs

The double-emulsion droplets were prepared using the five-
way microfluidic droplet generator using different flow rates
pumped by 5 independent computer-controlled syringe pumps
(Nemesys, Cetoni GmbH). The flow rates of the IA, PO and OA
phases are shown in Table 1. The double-emulsion droplets
were collected in vials with 100 mM glucose solution at pH 7.4,
and toluene was allowed to evaporate overnight at room
temperature.
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Table 1. The flow rates of the IA, PO and OA phases.

PGUV size (um)
Phase flow rate 40 50 60 70
(uLh?)
1A 300 300 300 300
PO 300/300 300/300 300/300 300/300
OA 7000/7000 5000/5000 3000/3000 1000/1000

In vitro cytotoxicity of the pH-responsive PGUVs

The cytotoxicity of the PGUVs was evaluated with rat
mesenchymal stem cells (rMSCs). rMSCs were seeded onto 96-
well tissue culture plates and cultured for 24 h prior to the
addition of different concentrations of giant polymeric vesicles.
The cytotoxicity of the PGUVs at 24 h and 72 h was quantified
with an MTT assay. Each experimental procedure was
performed in triplicate. The absorbance of the MTT product was
read using a Synergy Neo plate reader (Bio-Tek, Prague, Czech
Republic) at 570 nm/600 nm (excitation/emission).

Characterization of the PGUVs

Confocal laser scanning microscopy (CLSM)

The images were obtained by an IX83 confocal laser scanning
microscope (Olympus, Tokyo, Japan) with a green (488 nm) and
red (635 nm) laser systems. An Olympus objective (lens
magnification 10x, lens NA 0.4) delivered excitation light to a
diffraction-limited spot and collected the emitted fluorescence
with a dichroic mirror DM405/488/543/635. All measurements
were performed at 23 + 1 °C. FluoView 1000 software version
4.2.3.6 (Olympus) was used for data acquisition and image
reconstruction in XZ scanning mode.

Evaluation of the pH responsiveness of the PGUVs by CLSM

Briefly, a 25 uL aliquot of pH-sensitive PGUVs was transferred
to an eight-well p-Slide (lbidi, Martinsried, Germany).
Furthermore, 25 uL of isomolar acetate buffer glucose solution
(100 mOsm L) with pH 6.5, 6 and 5 was added to the wells to
reduce the pH to approximately the experimentally desired pH
values of 6.5, 6 and 5. As a control, 25 pL of an isomolar
phosphate buffer glucose solution (pH = 7.4) was added to the
same amount of PGUVs (25 pL). All samples were imaged at
room temperature in 1-minute intervals using CLSM. The
images were acquired in the same region of interest, and the
number of PGUVs as a function of time was calculated by Image)
software. The overall fluorescence intensity of the PGUVs
loaded with calcein as a function of time before and after
exposure to different pH values was calculated using the
FluoView 1000 software package (Olympus).

In vitro cytotoxicity of the pH-responsive PGUVs

The cytotoxicity of the PGUVs was evaluated with rat
mesenchymal stem cells (rMSCs). rMSCs were seeded onto 96-

This journal is © The Royal Society of Chemistry 20xx

well tissue culture plates and cultured for 24 h prior to the
addition of different concentrations of giant polymeric vesicles.
The cytotoxicity of the PGUVs at 24 h and 72 h was quantified
with an MTT assay. Each experimental procedure was
performed in triplicate. The absorbance of the MTT product was
read using a Synergy Neo plate reader (Bio-Tek, Prague, Czech
Republic) at 570 nm/600 nm (excitation/emission).

Conclusions

We report the development of a PDMS-based microfluidic
device capable of generating stable water-in-oil-in-water
(W/O/W) microdroplets for the production of pH-responsive
PGUVs based on a combination of poly(ethylene oxide)-b-
poly(1,2-butadiene) (PEO34-b-PBDye) and  synthesized
poly(ethylene-oxide)-b-poly[2-(diisopropylamino) ethyl
methacrylate (PEOa4s-b-PDPAyg). By manipulating the flow rate
ratios in the microfluidic device, highly monodisperse and stable
pH-responsive PGUVs of different sizes were produced in a
controlled manner. The sensitivity of the pH-responsive PGUVs
was investigated using CLSM imaging after evaluating the
percentage of disrupted vesicles and fluctuations in the
fluorescence intensity as functions of time during exposure to
different pH values. The CLSM images demonstrate the clear
dependence of PGUV disruption and calcein release on pH. The
lower the pH value, the faster the PGUVs were disrupted and
calcein was released. Moreover, the temporal synchronization
of PGUV disruption as a function of pH is strong evidence that
each PGUV contains a similar amount of PDPA, thereby allowing
fast and homogenous calcein release that can be controlled by
a pH-triggered mechanism. To the best of our knowledge, the
spatiotemporal pH-triggered controlled release of a hydrophilic
probe in a PH-responsive PGUV system was demonstrated here
for the first time. Finally, the cytotoxicity of the PGUVs in rMSCs
showed good biocompatibility, demonstrating the capabilities
of pH-responsive PGUVs as biomimetic systems for drug
delivery, microreactors and artificial cell mimics.

The conclusions section should come in this section at the end
of the article, before the acknowledgements.
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