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Introduction

Facile RAFT synthesis of side-chain amino acids
containing pH-responsive hyperbranched and star
architecturest

Saswati Ghosh Roy and Priyadarsi De*

This work reports the design and synthesis of amino acid-based hyperbranched polymers via the combi-
nation of self-condensing vinyl polymerization (SCVP) and reversible addition—fragmentation chain trans-
fer (RAFT) polymerization from tert-butyl carbamate (Boc)-L-valine acryloyloxyethyl ester (Boc-Val-HEA)
and S-(4-vinyl)benzyl S'-butyltrithiocarbonate (VBBT) with variable degrees of branching (DB), molecular
weights (M,)), and chain end functionalities. Copolymerization kinetics reveal that the molecular weight
increases and the DB decreases linearly with time as the branch length increases with the conversion of
the Boc-Val-HEA monomer. These hyperbranched polymers, P(Boc-Val-HEA-co-VBBT), with tuneable
M, and DB have been further employed via successive RAFT polymerizations for the synthesis of star
polymers with variable arm numbers and lengths. The removal of Boc groups from the polymers results in
water soluble pH-responsive cationic hyperbranched architectures with tuneable pH responsiveness,
differing from 6.8-7.5 due to the incorporation of various degrees of hydrophobic chain end functionali-
ties with the variation of monomer feed compositions. Dynamic light scattering (DLS), atomic force
microscopy (AFM) and scanning electron microscopy (SEM) reveal the interesting self-assembly of the
Boc-deprotected star polymers in agueous media with amino acid-based cores and water soluble ther-
moresponsive arms. Below the hydrophilic to hydrophobic transition pH and temperature, star polymers
remain as unimers in aqueous solution. However, above the transition pH (and below the transition temp-
erature), they form multi-micellar aggregates, which further fuse together to form larger aggregates
above the transition temperature.

sities, reduced hydrodynamic volume, critical phase behav-
iour, and the presence of a huge number of chain end
functionalities available for further chemical modifications.*

In recent years, significant attention has been paid to the syn-
thesis of polymers with different chain architectures, e.g.,
linear, grafted, hyperbranched, dendrimers, comb-, brush- and
star-shaped with the purpose of studying the structural pro-
perty correlation in the solution phase or in the bulk state.
Among the various architectures, hyperbranched and star poly-
mers are interesting materials due to their several unique pro-
perties compared to their respective linear analogues, such as
enhanced solubility in a wide range of solvents due to their
decreased chain entanglement, low melt and solution visco-
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These important characteristics make them very good candi-
dates for a wide range of applications, such as for the modifi-
cation of materials and resins, as a support system for
catalysis, as a gene,” and in drug delivery devices.>® Generally,
hyperbranched polymers are synthesized following three main
strategies: (i) step growth polymerization via the polycondensa-
tion of AB, type macromonomers,”® (ii) the copolymerization
of conventional monomers with divinyl cross-linkers®'® or
with monomers containing a polymerizable vinyl group and a
dormant initiating site/chain transfer functionality (inimer)
via self-condensing vinyl polymerization (SCVP),""'* and (iii)
the ring opening polymerization of dormant AB, macromono-
mers."® Moreover, the reversible activation/deactivation con-
trolled polymerization of multifunctional vinyl monomers can
give hyperbranched polymers with a high degree of branching
(DB) and numerous vinyl functional groups.'*™® However,
among the abovementioned strategies, SCVP is the most versa-
tile method for the synthesis of hyperbranched polymers.
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It was first introduced by Fréchet and co-workers using a con-
ventional monomer and an inimer to achieve control over the
degree of branching of the hyperbranched polystyrene and
polyacrylates.”” The combination of SCVP with a controlled/
living polymerization, such as nitroxide-mediated radical
polymerization,"® atom transfer radical polymerization'®>°
and reversible addition-fragmentation chain transfer (RAFT)
polymerization has been efficiently employed for the synthesis
of hyperbranched and star polymers with controlled branch
lengths and variable functionalities. Among these, RAFT is the
most versatile technique for the synthesis of macromolecules
due to the mild reaction conditions, and tolerance to a high
degree of monomer functionalities and solvents.*’

Thus, RAFT has been employed to synthesize various
ranges of hyperbranched polymers using divinyl comono-
mers,*” pendant xanthate co-monomer groups,> and AB*-type
chain transfer agents (CTA).>* Rimmer and coworkers syn-
thesized a series of thermo-responsive hyperbranched poly-
mers using imidazole-based polymerizable CTA with
trithiocarbonate functionality.*® Sumerlin’s group synthesized
poly(N-isopropyl acrylamide) based thermo-responsive hyper-
branched polymers using acryloyl trithiocarbonate CTA.*° In
both cases, the solution property of thermo-responsive hyper-
branched polymers is greatly influenced by the end group’s
polarity and DB. To date, to the best of our knowledge, the
influence of DB on the solution behaviour of pH-responsive
hyperbranched polymers prepared via SCVP-RAFT has not
been explored. Therefore, the synthesis and study of pH-
responsive cationic hyperbranched polymers is an interesting
research area because of their cationic nature, which may
make them interesting and competitive candidates with
respect to linear and branched polyethyleneimine (PEI) for
non-viral gene delivery. PEIs are widely explored synthetic cat-
ionic polymeric carriers for the plasmid DNA (pDNA) to cells
due to the high transfection efficiency of PEI/pDNA com-
plexes.”” However, the major drawback associated with the
PEI-based delivery systems is their toxicity, due to the strong
positive surface charge as branched PEIs are composed of mul-
tiple cationic primary, secondary and tertiary amine groups.>®
Thus, it would be interesting to prepare hyperbranched poly-
mers with pendant naturally occurring amino acid moiety with
only primary amine groups at the surface of the polymers, as
these are expected to be less toxic compared to PEI*° and
could be employed as alternative and efficient gene delivery
devices.

In the last few decades, the incorporation of naturally
occurring amino acid moiety into synthetic polymers has
become an interesting research area,***! because the inclusion
of an amino acid moiety increases the water solubility,
enhances biocompatibility, and instigates a higher order hier-
archical structure through non-covalent interactions like
H-bonding, electrostatic interactions, and hydrophobic stack-
ing.***® Recently, Sun and Gao reported i-phenylalanine,
glycine, t-alanine, -valine, and t-lysine based cationic polyelec-
trolytes with low cytotoxicity and excellent DNA binding capa-
bility.>* Our group recently reported pH-responsive cationic
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polyelectrolytes with controlled molecular weight and narrow
polydispersity via RAFT technique from (meth)acrylate-con-
taining side-chain amino acid-based chiral monomers, such as
- and p-tryptophan,®® r-alanine, r-phenylalanine,® i-leucine
and r-isoleucine.*® Therefore, the SCVP-RAFT of amino acid-
based monomers can produce pH-responsive hyperbranched
polymers with remarkable structures and aqueous solution
properties. In this work, we have synthesized tert-butyl carba-
mate (Boc)-i-valine acryloyloxyethyl ester (Boc-Val-HEA) and
employed it in SCVP-RAFT copolymerization with a monomer
CTA, S-(4-vinyl)benzyl S’-butyltrithiocarbonate (VBBT) using
various co-monomer feed ratios to afford hyperbranched co-
polymers with variable DB and CTA functionalities, which can
be further exploited for the synthesis of star polymers with
branched cores via successive RAFT polymerization reactions.
The Boc group deprotection from hyperbranched and star
architectures results in water soluble polymers with tuneable
pH-responsive properties with the variation of DB due to the
presence of various degrees of chain end functionalities.

Experimental section

Materials

Boc-r-valine (Boc--Val-OH, 99%), and trifluoroacetic acid (TFA,
99.5%) were purchased from Sisco Research Laboratories Pvt.
Ltd., India and used as received. 4-Dimethylaminopyridine
(DMAP, 99%), dicyclohexylcarbodiimide (DCC, 99%), 2-hydroxy-
ethyl acrylate (HEA, 97%), 4-vinylbenzyl chloride (90%),
sodium methoxide (95%), 1-butanethiol (99%), anhydrous
N,N-dimethylformamide (DMF, 99.9%) and anhydrous metha-
nol (99.9%) were purchased from Sigma and used without any
further purification. The 2-(2-methoxyethoxy)ethyl methacry-
late (MEO,MA, 95%) and polyethylene glycol methyl ether
methacrylate (PEGMA, M, = 300 g mol ™", 98%) were purchased
from Sigma, and purified by passing them through a basic
alumina column prior to polymerization. 2,2"-Azobis-isobutyro-
nitrile (AIBN, Sigma, 98%) was recrystallized twice from
methanol. CDCl; (99.8% D), CD;OD (99.8% D), and D,O
(99.8% D) was purchased from Cambridge Isotope Labora-
tories, Inc. for the NMR studies. The solvents, such as
hexanes, acetone, ethyl acetate, dichloromethane (DCM), and
tetrahydrofuran (THF), were purified following the standard
procedures.

Methods

The molecular weights and molecular weight distributions
(polydispersity index, PDI) of the polymers were determined
by gel permeation chromatography (GPC). Details about the
GPC analysis, "H NMR study, UV-Vis spectroscopic measure-
ments, dynamic light scattering (DLS), differential scanning
calorimetry (DSC), and the positive mode electrospray ioniza-
tion mass spectrometer (ESI-MS) can be found elsewhere.*
Atomic force microscopy (AFM) imaging experiments were per-
formed on a NT-MDT NTEGRA Prima Scanning Probe Micro-
A field-emission

scope. scanning electron microscopic
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(FE-SEM) study was carried out with a Carl Zeiss-Sigma
instrument.

Synthesis of monomer

The Boc-Val-HEA was synthesized by the esterification coup-
ling reaction of Boc-Val-OH with HEA in the presence of DCC
and DMAP. The Boc-Val-OH (10.00 g, 46.03 mmol) was dis-
solved in 150 mL ethyl acetate in a 500 mL double-necked
round bottom flask containing a magnetic stir bar and purged
with dry N, gas for 20 min. Then, DCC (50.63 mmol, 10.45 g)
in 50 mL ethyl acetate was added dropwise, followed by the
addition of DMAP (2.30 mmol, 0.28 g) with constant stirring.
The reaction vessel was maintained in an ice-water bath, and
HEA (46.03 mmol, 5.34 g) was added dropwise for 15 min. The
ice-water bath was removed after 30 min, and the reaction
mixture was stirred at room temperature for 24 h. The reaction
mixture was filtered to eliminate insoluble N,N'-dicyclohexyl-
urea (DCU) and the filtrate was washed successively with 0.1 N
HCI (200 mL x 4), concentrated NaHCO; (200 mL x 4) and
brine solution and dried over anhydrous Na,SO, overnight.
The filtrate was concentrated on a rotary evaporator and the
resultant viscous liquid was purified by column chromato-
graphy, using ethyl acetate-hexanes (1:6) as the mobile phase
to yield 12.2 g (79.7%) pure colourless viscous liquid. "H NMR
(Fig. $1,1 CDCls, 6, ppm): 6.46-6.39 and 5.88-5.83 (HC=CH,,
2H, d), 6.16-6.08 (HC=CH,, 1H, m), 5.02 (NH-COO, 1H, s),
4.48-4.39 (-O-CH,-CH,-O-, 4H, m), 4.24 (NH-CH-CO, 1H, d),
2.14 (CHMe,, 1H, m), 1.44 (-CMes, 9H, s), 0.97-0.86 (CHMe,,
6H, d). '*C NMR (Fig. S2,f CDCl;, &, ppm): 172.01 (-OOC-
CH,-CH,-), 165.64 (H,C—=CH-CO-), 155.47 (-NH-COO-),
131.33 (H,C=CH-), 127.94 (H,C=CH-), 79.66 (-CMe3), 62.71
& 61.84 ((-O-CH,-CH,-O-), 58.45 (NH-CH-CO), 31.33
(-CMe,), 28.40 (-C(CH,);), 19.05 & 17.36 (C(CHj),). FT-IR
(em™): 3377 (N-H), 2970, 2935 and 2877 (C-H), 1726, (C=0),
1636 (C=C), 1503 (N-H), 1458, 1367, 1296, 1273, 1246, 1178,
1158 (C-0), 1077, 1045, 984, 870, 810. ESI-MS: [M + Na'] =
338.16 m/z (Fig. S37).

Synthesis of S-(4-vinyl)benzyl S’-butyltrithiocarbonate (VBBT)
CTA

1-Butanethiol (6.00 g, 67.0 mmol) in 30 mL of anhydrous
methanol was placed in a 250 mL round-bottomed flask and a
solution of sodium methoxide (3.63 g, 67.30 mmol) in 50 mL
methanol was added dropwise under a nitrogen atmosphere.
The reaction mixture was stirred for 2 h and CS, (6.31 g,
83.0 mmol) was added dropwise to the solution with further
stirring at room temperature for 5 h. 4-Vinylbenzyl chloride
(10.2 g, 67.0 mmol) was added dropwise to the yellow coloured
reaction mixture, and the solution was stirred overnight under
a nitrogen atmosphere. 250 mL of de-ionized (DI) water was
added to the reaction mixture followed by extraction with DCM
(200 mL x 5), and the combined organic layer was dried over
anhydrous Na,SO, overnight. The solvent was removed under
reduced pressure and the crude product was purified by
column chromatography using hexane as the mobile phase to
obtain pure VBBT (12.7 g, 73.4% yield) as a yellow viscous oil.
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'H NMR (Fig. S4, CDCl;, 8, ppm): 6.73-6.65 (CH,—~CH, 1H, m),
5.75-5.70 and 5.26-5.22 (CH,=—CH, 2H, d), 7.38-7.25 (CgH,,
4H, m), 4.59 (Ar-CH,, 2H, s), 3.40-3.35 (S-CH,, 2H, t),
1.72-1.65 (S-CH,-CH,, 2H, m), 1.48-1.38 (CH3-CH,, 2H, m),
0.96-0.90 (CH;, 3H, t). *C NMR (Fig. S5, CDCl;, 6, ppm):
223.49 (-S-(C=S)-S-), 137.13, 136.10, 129.23 and
126.54 (-C¢Hyu—, f, ¢, d, e carbon, respectively), 134.50
(H,C=CH-), 114.41 (H,C—CH-), 41.28 (-C¢H,~CH,-), 36.52
(-S-CH,-), 30.18 (-S-CH,-CH,-), 22.22 (-S-CH,-CH,~CH,-),
13.74 (-CH,-CHj3). FT-IR (cm™'): 3085 (=C-H), 2958, 2926,
2870 (C-H), 1629 (C=C, alkene), 1510, 1442 (C=C, Ar), 1405
(C-H), 1053 (C=S), 772 (C-S). ESI-MS: [M'] = 282.29
m/z (Fig. S67).

Synthesis of hyperbranched copolymers of Boc-Val-HEA and
VBBT by RAFT copolymerization

The RAFT copolymerization of Boc-Val-HEA with VBBT was
carried out in DMF using AIBN as a radical source at 70 °C,
where VBBT acted both as CTA, as well as the polymerizable
monomer. Typically, Boc-Val-HEA (0.5 g, 1.585 mmol), VBBT
(89.6 mg, 0.317 mmol), AIBN (5.2 mg, 31.7 pmol), 0.5 g DMF
and a small magnetic stir bar were taken in a 20 mL septa-
sealed glass vial. The reaction vial was purged with dry nitro-
gen for 20 min, and the polymerization was carried out in a
preheated reaction block at 70 °C. The polymerization was
quenched after a predetermined time by cooling the reaction
mixture in an ice-water bath, followed by exposure to air. The
monomer conversion was determined by 'H NMR spec-
troscopy by comparing the peak areas between the vinyl
proton (6.16-6.08 ppm) of the monomer at time zero and at
the final time with respect to the DMF solvent resonance peak
at 8.02 ppm. The reaction mixture was diluted with acetone
and precipitated into hexane. The resultant polymer was col-
lected as a yellow powder after repeated precipitation of the
polymer solution in acetone (solvent) from hexane (non-
solvent), and then dried under a high vacuum for 6 h. To study
the kinetics of the RAFT polymerization, an aliquot (~0.1 mL)
was withdrawn from the reaction vial using a N,-purged
syringe at predetermined time intervals. The reaction mixtures
were analyzed by 'H NMR and GPC to determine the
monomer conversion, the DB, the number average molecular
weights (M, gpc) and the PDI.

Synthesis of linear homopolymer of Boc-Val-HEA via RAFT
polymerization

Boc-Val-HEA (0.20 g, 0.63 mmol), 4-cyano-4-(dodecylsulfa-
nylthiocarbonyl)sulfanylpentanoic acid (CDP) (5.11 mg,
0.013 mmol), AIBN (0.21 mg, 0.0013 mmol; from AIBN stock
solution), 0.6 g DMF and a magnetic stir bar were placed in a
20 mL septa-sealed glass vial, purged with dry N, for 20 min,
and then placed in a preheated reaction block at 70 °C for 5 h.
The resultant polymer was purified following the same pro-
cedure as discussed above for hyperbranched polymers to
yield (71%) a yellowish powder.
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Synthesis of star polymers with hyperbranched cores via RAFT
polymerization

First, a low molecular weight hyperbranched macro-chain
transfer agent (macro-CTA) was synthesized from Boc-Val-HEA
and VBBT. The purified P(Boc-Val-HEA-co-VBBT) macro-CTA
(M, = 8200 g mol™, PDI = 1.38, 91.11 mg, 11.11 pmol),
PEGMA (0.5 g, 1.67 mmol), AIBN (0.18 mg, 1.11 pmol; from
stock solution), and 1.58 g anhydrous DMF were charged in a
20 mL septa-sealed vial. The vial was purged with dry N, for
20 min and polymerization was carried out under stirring at
70 °C for 230 min. After quenching the polymerization, purifi-
cation of the polymer was carried out following the same pro-
cedure as described in the previous section. The monomer
conversion was determined by gravimetric analysis by compar-
ing the amounts of the final polymers with respect to the
monomers in the feed.

Boc group deprotection

Typically, 250 mg polymer was dissolved in 1.5 mL TFA in a
20 mL glass vial and stirred for 1 h at room temperature. Sub-
sequently, Boc-deprotected polymers were isolated by washing
with a large volume of hexanes followed by reprecipitation
from diethyl ether (x3) before being dried under high vacuum
for 12 h to obtain a yellowish powder (yield: ~90%).

Morphology study of star polymers by AFM and SEM

To study the pH-induced aggregation and self-assembly behav-
iour of various star polymers by AFM and SEM experiments,
samples were prepared by dissolving the polymers in DI water
at a concentration of 0.1 mg mL™", followed by adjusting the
pH of the solution to pH = 7.5. Then, the polymer solutions
were filtered through a 0.45 pm syringe filter, followed by
drop-casting on freshly cleaved silicon wafer and dried at room
temperature for 24 h in the open air, and then for 24 h under
a high vacuum. The AFM experiment was carried out at
ambient conditions in a semi-contact mode. For the FE-SEM
study, a dried sample was coated with gold-palladium alloy
(20:80) and micrographs were taken by the instrument at
room temperature. For both AFM and FE-SEM studies, three to
four images were recorded from the same slide and the size of
the many assemblies was measured. Then, the average value of
the many assemblies was calculated and reported as an
average diameter.

Results and discussion
RAFT-SCVP of Boc-Val-HEA and VBBT

The synthesis of hyperbranched polymers via RAFT polymeri-
zation using divinyl cross-linkers may sometimes lead to inso-
luble gel formation, although this is less favourable compared
to the SCVP-RAFT technique involving the AB* inimer (poly-
merizable chain transfer agent), which does not involve any
gelation reaction.’”*® VBBT is such an inimer that can act
both as CTA due to the presence of thiocarbonylthio moiety, as
well as a monomer, to form the branching unit during the
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polymerization reaction due to the presence of the styryl
moiety. Although the styryl group has a different reactivity
compared to (meth)acrylate monomers, VBBT was chosen as
the RAFT inimer for the copolymerization of acrylate
monomer Boc-Val-HEA to prepare hyperbranched copolymers
with variable degrees of branching and molecular weights,
since trithiocarbonate CTAs are suitable for the RAFT polymer-
ization of acrylate, methacrylate and styrenic monomers.* The
RAFT copolymerizations of Boc-Val-HEA and VBBT were con-
ducted in DMF as the solvent in the presence of AIBN as the
radical source at 70 °C under a N, atmosphere (Scheme 1). The
feed ratios of [Boc-Val-HEA]/[VBBT| were varied from 5/1 to
100/1, while keeping the molar ratios of [VBBT]/[AIBN] = 10/1
constant. The results from copolymerization reactions are
summarized in Table 1. The resultant hyperbranched copoly-
mers were characterized by "H NMR spectroscopy, where the
typical resonance signals of the protons for both the Boc-Val-
HEA and VBBT monomers are assigned in Fig. 1. Resonance
signals from Boc-NH-, -O-CH,~-CH,-O- + chiral CH-, and Boc
group —C(CHj3); protons appeared at 5.46-5.00, 4.46-3.76 and
1.44 ppm, respectively. The aromatic protons originating from
VBBT gave a peak at 7.34-6.60 ppm. Moreover, signals due to
the two types of groups connected to the terminal trithiocarbo-
nate functionality have also been observed. The proton signal
of -CH-S-C(=S)-, which is connected to the terminal Boc-Val-
HEA unit and -C¢H,-CH,-S- of VBBT with pendant unreacted
trithiocarbonate functionality, appeared at 4.86 and 4.56 ppm,
respectively. No signal was observed in the range of
6.73-5.22 ppm due to the vinyl groups of Boc-Val-HEA and
VBBT, confirming the complete elimination of unreacted
monomer and inimer from the polymer matrix after purifi-
cation. The copolymers were found to be soluble in most
organic solvents, such as acetone, ethyl acetate, diethyl ether,
chloroform, DCM, MeOH, THF, DMSO, DMF, and acetonitrile,
but insoluble in water, toluene, benzene, hexanes, and petro-
leum ether. The hyperbranched copolymers were named
accordingly: HB stands for hyperbranched polymer and the
number 5, 10, 25, 50 or 100 represents the [monomer]/[CTA]
ratio. Hence, for example, HB5 hyperbranched copolymer was
synthesized by SCVP-RAFT with a [Boc-Val-HEA]/[CTA] ratio of
5/1. Boc-deprotected polymers will be represented as DHB,
where D stands for Boc deprotection.

With the variation of the feed compositions of [Boc-Val-
HEAJ/[VBBT] from 5/1 to 100/1, the M, gpc of hyperbranched
copolymers varied from 8100 to 31 000 g mol ™" with a relatively
low PDI in the range of 1.24-1.89 (Table 1). However, the M,,
gpc values are very high compared to the theoretical molecular
weight (Mp theo), calculated considering the formula of the
linear RAFT polymerization (M, theo = (([Boc-Val-HEA]/[VBBT] x
molecular weight (MW) of Boc-Val-HEA x conversion) +
(MW of VBBT)), which is the typical characteristic of hyper-
branched copolymerization reactions.*>*! This could be due to
the different synthetic mechanisms of the RAFT homopoly-
merization and the SCVP-RAFT technique. Note that actual
M, gpec values of hyperbranched polymers are expected to be
higher than the observed M, gpc values obtained from the

This journal is © The Royal Society of Chemistry 2014
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AIBN, 70 °C

When, x =2/3 = MEO,MA
=4/5 = PEGMA

Scheme 1 Synthesis of hyperbranched copolymers P(Boc-Val-HEA-co-VBBT) and the corresponding star polymers by RAFT polymerization, fol-

lowed by deprotection of the Boc groups from hyperbranched polymers.

Table 1 Results of RAFT-SCVP copolymerization of Boc-Val-HEA with VBBT in DMF at 70 °C under various reaction conditions®

Entry  [MJ/[CTAJ[AIBN]  Time (h)  Conv.” (%) Mymeo (gmol™)  Mpepc’ (gmol™)  PDIY  RB(th)* DB/ RB (NMR)
1 5/1/0.1 12 86.4 1640 8100 1.24 5.32 0.1897 5.27
2 10/1/0.1 12 83.1 2900 9700 1.20 9.31 0.1125 8.89
3 10/1/0.1 24 98.0 3370 10500 1.20  10.80 0.1383 7.23
4 25/1/0.1 12 87.9 7210 9800 132 22.98 0.0881  11.35
5 25/1/0.1 24 98.2 8020 10 800 1.27 2555 0.0440  22.72
6 50/1/0.1 12 80.2 12930 13 500 140  41.10 0.0580  17.24
7 100/1/0.1 12 93.1 29 640 31000 1.89  94.10 0.0232  43.10
8 10/1/0.1 24 98.9 3400 16 500 141 10.89 0.1287 7.77
9 10/1/0.1 18 71.8 2550 16 200 1.45 8.18 0.1725 5.78
10 5/1/0.1 4.30 92.3 1740 10 700 1.31 5.62 0.2181 4.59
11 10/1/0.1 4.30 86.4 3000 12000 1.34 9.64 0.1808 5.53
12 25/1/0.1 4.30 88.1 7230 14 700 1.48  23.03 0.0923  10.83

“Entries 1-7: [Boc-Val-HEA] = 1.0 mol L™'; entries 8 and 10-12: [Boc-Val-HEA] = 3 mol L™%; entry 9: [Boc-Val-HEA] = 5 mol L™". ? Calculated by
'H NMR spectroscopy. ‘The theoretical molecular weight (M heo) = ((Boc-Val-HEA]/[VBBT] x molecular weight (MW) of Boc-Val-HEA x
conversion) + (MW of VBBT). “Measured by GPC in THF. ° Theoretical repeat unit per branch (RB), calculated from the equation RB(th) =
[Boc-Val-HEA] x conversion of Boc-Val-HEA + 1./ Determined by 'H NMR spectroscopy, DB = 2(I5 34-6.60/4 — I1.56/2)/(I734-6.60/4 + I1.44/9 — 1), where
I stands for the integration area of various chemical shift of protons. ¥ RB = 1/DB.

conventional GPC characterization, which is calibrated with
linear PMMA homopolymer standards. Hyperbranched poly-
mers have different hydrodynamic volumes compared to their
linear analogues due to their compact structure and high
segment density. Unimodal GPC-RI traces (Fig. 2) with rela-
tively narrow PDI (1.31) for hyperbranched copolymers were
obtained from the molar ratios of 5/1 and 10/1. Whereas
higher ratios such 25/1, 50/1 and 100/1 gave bimodal distri-
in the GPC-RI traces. This observation can be
explained by the different rate of the copolymerization reaction

butions

This journal is © The Royal Society of Chemistry 2014

due to the different molar proportions of Boc-Val-HEA with
respect to the VBBT. Initially, VBBT may be consumed as CTA,
and then it forms a linear homopolymer of Boc-Val-HEA with
terminal trithiocarbonate functionality. However, in the case
of lower molar proportions (5/1 and 10/1), the rate of the
reversible addition-fragmentation slowed down due to the
limited monomer availability; hence, some trithiocarbonate
remained unreacted in the resultant branched copolymer,
P(Boc-Val-HEA-co-VBBT). Moreover, more numbers of VBBT
participated as co-monomer in the co-polymerization reaction,

Polym. Chem., 2014, 5, 6365-6378 | 6369
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Fig. 1 H NMR spectra of (A) P(Boc-Val-HEA-co-VBBT) hyperbranched copolymer (synthesized by RAFT-SCVP at [Boc-Val-HEA]/[VBBT] = 5/1) in

CDCl;z and (B) corresponding Boc deprotected polymer in D,O.
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Fig.2 GPC-RI traces of P(Boc-Val-HEA-co-VBBT) hyperbranched
copolymers synthesized by SCVP-RAFT with different feed ratios of
[Boc-Val-HEA]/[VBBTI.

leading to the formation of a branched copolymer with unimo-
dal GPC-RI traces. As the [Boc-Val-HEA]/[VBBT] ratio increased,
the molar concentration of Boc-Val-HEA increased in the
polymerization system compared to VBBT; hence, the rate of
polymerization of Boc-Val-HEA was high, resulting into the for-
mation of propagating linear homopolymers. Moreover, the
styryl group of VBBT (containing propagating radical) partici-
pated in the copolymerization reaction, leading to the for-
mation of branched polymers. Since the styryl group of VBBT
has a different reactivity with respect to the acrylate group of
Boc-Val-HEA monomer, branched polymers are formed with
the bimodal distribution in the case of the monomer to
inimer ratio being greater than 10/1.

The influence of monomer concentration during the
SCVP-RAFT copolymerization was studied by varying the Boc-
Val-HEA concentration from 1.0 (entry 3 in Table 1) to 3.0

6370 | Polym. Chem., 2014, 5, 6365-6378

(entry 8 in Table 1) to 5.0 mol L™" (entry 9 in Table 1), keeping
constant ratios of [Boc-Val-HEA]/[VBBT]/[AIBN] = 10/1/0.1.
Table 1 shows that with the increase of monomer concen-
tration, both the molecular weight and PDI increases. The rate
of the RAFT polymerization reaction slows down with dilution
of the monomer concentration and hence the rate of propa-
gation decreases, leading to the formation of propagating radi-
cals with lower molecular weight. Since the movement
(diffusion) of the propagating radicals with low molecular
weight is free, CTA can easily interact with radicals, resulting
in branched polymers with narrow PDI. Therefore, branched
P(Boc-Val-HEA-co-VBBT) copolymers with low molecular
weight and PDI can be achieved by slowing down the rate of
the RAFT polymerization reaction.

Degree of branching analysis

The degree of branching is an important parameter that
describes the fraction of branching units present within the
macromolecules with branched structures. For the SCVP-RAFT,
DB was calculated by 'H NMR spectroscopy using the
equation DB = 2(number of branched units)/(total number of
units — 1).**** The number of branching unit was calculated
from (I 34-6.60/4 — I1.56/2), Whereas (I7 34-6.60/4 + I1.44/9) represented
the total number of units present in the P(Boc-Val-HEA-co-VBBT)
branched copolymers. The P(Boc-Val-HEA-co-VBBT) with the
ratio of [Boc-Val-HEA]/[VBBT] = 5 led to the highest DB of
0.1897, and average repeat unit of branch (RB), ~5.27, whereas
the lowest DB was observed for the ratio of 100/1 with a DB of
0.0232 and a corresponding average RB of 43.1. Table 1 lists
the DB of branched polymers decreasing with the increase of
[Boc-Val-HEA]/[VBBT] ratios from 5/1 to 100/1. The branching
points are introduced into the polymer chain due to the
participation of both the styryl unit and the trithiocarbonate
functionality in the VBBT. With the increasing ratio of
[Boc-Val-HEA]/[VBBT] from 5/1 to 100/1, the population
of VBBT decreased in the polymerization reaction
mixture; hence, the number of branching points decreased.

This journal is © The Royal Society of Chemistry 2014
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Therefore, DB and RB could be tuned by varying the reaction
stoichiometry.

Kinetics of SCVP-RAFT mediated copolymerization

In the next stage, the copolymerization kinetics was investi-
gated with [Boc-Val-HEA]/[VBBT]/[AIBN] = 5/1/0.1, 10/1/0.1 and
25/1/0.1 at 70 °C in DMF to study the time dependent change
of the M,,, PDI and DB of the resultant copolymers during the
RAFT-SCVP copolymerization of Boc-Val-HEA with VBBT. At
regular intervals, approximately 0.1 mL of the polymerization
reaction mixture was analyzed by '"H NMR spectroscopy and
GPC to monitor the monomer conversion, DB, RB and M,,. In
the "H NMR spectra of the reaction mixtures, the intensity of
the resonance signals of the acryloyl group from Boc-Val-HEA
at 6.16-6.08 (HC—=CH,, 1H, m), 6.46-6.39, and 5.88-5.83 ppm
(HC=CH,, 2H, d) become weaker as the reaction proceeds.
However, the styrenic double bond, which resonates at
6.73-6.65 (CH,=—CH, 1H, m), 5.75-5.70 and 5.26-5.22 ppm
(CH,=CH, 2H, d), disappeared after 1 h, indicating that all the
styryl moieties participated in the polymerization reaction. The
conversion of Boc-Val-HEA was determined by comparing the
peak intensities of CH,—CH proton at 6.16-6.08 ppm at zero
time and at time ¢ to the DMF peak intensity at 8.02 ppm. The
rate of the monomer conversion increased with the increase of
the [Boc-Val-HEA]/[VBBT] ratio from 5/1 to 25/1 as expected
due to the decrease of the CTA concentration (Fig. 3A). 41.6%,
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Fig. 3
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58.5%, and 67.5% conversions were achieved within 1 h for
the [Boc-Val-HEA]/[VBBT] ratios of 5/1, 10/1, and 25/1, respect-
ively. However, almost 90% conversion was achieved within
3 h, and then the polymerization reaction slowed down, and it
took 12 h to reach close to 100% conversion. This pheno-
menon could be attributed to the fact that RAFT-SCVP copoly-
merization of Boc-Val-HEA with VBBT is expected to proceed
by the rapid addition of the initiator-induced oligomer radicals
to the trithiocarbonate functionality of VBBT, followed by frag-
mentation of the RAFT adduct radical with styryl functionality
(macro-CTA), which starts the copolymerization reaction
between Boc-Val-HEA and VBBT to yield the polymer chains
with pendant trithiocarbonate functionality and terminal
styryl groups. The pendant trithiocarbonate functionality
could participate in the RAFT polymerization with the remain-
ing monomer, Boc-Val-HEA, whereas terminal styryl groups
were integrated into the other chain, leading to the formation
of branched polymers. Therefore, RAFT copolymerization reac-
tions occurred with chain growth, as well as by step growth,
characteristic with broader PDI and high M, compared to the
theoretical molecular weight assuming VBBT as normal CTA.
The GPC-RI traces of polymers moved towards the lower
elution volume with the increasing monomer conversion
(Fig. 3C, Fig. S7A and S7Bf). The dependence of M, of the
resulting branched copolymers from the conversion of Boc-
Val-HEA is shown in Fig. 3B. At lower monomer conversions,
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(A) Conversion of Boc-Val-HEA as a function of time, and (B) evolution of M,, with the monomer conversion for the SCVP-RAFT of Boc-Val-

HEA with VBBT at different feed ratios of [Boc-Val-HEA]/[VBBT]. GPC-RI traces as function of time at [Boc-Val-HEA]/[VBBT] = 5/1 (C), and DB as a

function of conversions (D).
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Table 2 Aqueous solution properties of linear P(Boc-Val-HEA) and hyperbranched copolymers

Polymer [M]/[CTA]/[AIBN]* Time (min) Conv.” (%) T, “ (°C) Deprotected Polymers Transition pH? £ (mv)
HB5 5/1/0.1 270 92.3 35.2 DHB5 6.8 25.3
HB10 10/1/0.1 270 95.8 37.2 DHB10 7.0 25.1
HB25 25/1/0.1 270 97.2 39.0 DHB25 7.3 23.3
HB50 50/1/0.1 270 83.1 39.3 DHB50 7.4 20.4
HB100 100/1/0.1 270 86.6 40.1 DHB100 7.5 16.5
P(Boc-Val-HEA) 50/1/0.1 300 68.1 37.6 P(H;N"-Val-HEA) 7.5 15.3

“Polymerization conditions: [Monomer] = 3 mol L™, in DMF at 70 °C. VBBT was used as the inimer-CTA for hyperbranched polymer synthesis
and CDP was used for the synthesis of linear homopolymer. ? Determined by gravimetric analysis.  Obtained from DSC studies. ¢ Determined by

UV-Vis spectroscopy.  Measured by DLS at pH = 7.

the M, of the polymers increased linearly with the conversion,
as the process followed the living polymerization of Boc-Val-HEA,
where VBBT acts as a normal CTA. However, deviations from the
linear relationship are observed at higher conversions with a
sharper increase of M,, due to the linking reaction between the
double bond of the pre-formed macromolecules and the active
centre of the propagating radicals, which is the common charac-
teristic of the SCVP copolymerization technique.***>

The DB of hyperbranched polymers prepared from the
SCVP-RAFT copolymerization reaction mainly depends on the
[monomer]/[inimer] ratio, the reactivity ratio of the co-mono-
mers and the ratio of the rate constants of the homopolymeri-
zation reaction.’® It can be observed in Fig. 3D that DB
decreases with the increase in the [monomer]/[inimer] ratio
from 5/1 to 25/1, in a linear fashion with the monomer conver-
sion. The branching points are introduced into the system by
both the styryl unit and from the trithiocarbonate functionality
during the SCVP-RAFT copolymerization. However, the con-
centration of the styryl unit decreases with time and the
maximum DB is observed after 1 h. All the VBBT are con-
sumed within this time and the DB values decrease linearly as
the reaction proceeds due to the participation of the remaining
monomers in the RAFT copolymerization and/or due to the
additions to the trithiocarbonate functionality to increase the
chain length and to increase the repeat unit per branch. Wei
et al. reported similar decreases in DB for the RAFT polymeriz-
ation of galactose-based saccharide monomers in the presence
of 2-(methacryloyloxy)ethyl 4-cyano-4-(phenylcarbonothioylthio)
pentanoate and 2-(3-(benzylthiocarbonothioylthio) propanoy-
loxy)ethyl acrylate RAFT inimers."”

Since the thermal properties of hyperbranched and star
polymers usually differ from their linear analogue due to their
various degrees of branching,*® the thermal characteristics of
the branched copolymers P(Boc-Val-HEA-co-VBBT) and linear
P(Boc-Val-HEA) homopolymer were investigated by DSC
(Fig. S8f). In the DSC thermogram of the branched copoly-
mers, a single T, was observed ranging from 35.2 °C to
40.1 °C, indicating a good compatibility between Boc-Val-HEA
and VBBT units in the copolymers. The T, values are reported
in Table 2, which shows the increment of T, values with the
increased chain length due to the restricted chain mobility.
With increasing DB, the free volume of branched polymers

6372 | Polym. Chem., 2014, 5, 63656378

increased due to the increased number of chain ends, which
decreased the T, value.

Star polymer synthesis via RAFT polymerization using
hyperbranched core

The synthesis of star polymers from hyperbranched polymers
is a facile and straightforward approach compared to other
methods, such as the arm-first,**° core-first’"** and combi-
nation of both.>*”* In the arm-first method, prefabricated
arms were synthesized via controlled/living polymerizations,
followed by reaction with the multifunctional core to produce
star polymers. The major drawback of this process is that the
number of arms is uncertain due to efficiency of the coupling
reactions; moreover, sometimes purification of the targeted
star polymer can be tedious. In the core-first method, the
multifunctional core is generally prepared via a multi-step
organic synthesis, followed by the fabrication of arms from the
core. The disadvantage of this process lies in the multi-step
organic synthesis followed by rigorous purification. These dis-
advantages could be tackled with the synthesis of star poly-
mers from a hyperbranched core obtained via a one-step
SCVP-RAFT polymerization reaction, and then the number of
arms of stars could be tuned by controlling the chain end
functionality in the hyperbranched core with variation of the
[monomer]/[inimer] ratio.>® In this study, P(Boc-Val-HEA-co-
VBBT) hyperbranched copolymers with multiple trithiocarbo-
nate CTA functionality could be used as the macro-CTA for the
synthesis of star-shaped polymers (Scheme 2). The star poly-
mers P(HB5-star-PEGMA), P(HB10-star-MEO,MA) and P(HB25-
star-MEO,MA) were synthesized by RAFT polymerization using
HB5, HB10 and HB25 as macro-CTAs with [monomer]/[P(Boc-
Val-HEA-co-VBBT)-macro CTA]/[AIBN] = 150/1/0.1 for P(HBS5-
star-MEO,MA) and 100/1/0.1 for P(HB10-sta-MEO,MA) and P
(HB25-star-MEO,MA) in DMF at 70 °C, respectively. The HB5
(78.0% conversion, M, gpc = 8200 g mol~", PDI = 1.38), HB10
(85.5% conversion, M, gpc = 10700 g mol ™", PDI = 1.36) and
HB25 (88.6% conversion, M, gpc = 13 100 g mol ™", PDI = 1.43)
were prepared via SCVP-RAFT polymerization in DMF at 70 °C
for 2 h with feed ratios of [Boc-Val-HEA]/[VBBT] = 5/1, 10/1 and
25/1, respectively.

Details of the synthesis of star polymers are summarized in
Table 3. The GPC-RI traces of the resultant star polymers are

This journal is © The Royal Society of Chemistry 2014
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Scheme 2 Schematic representation of synthesis of pH responsive hyperbranched polymers and their respective star polymers with hyperbranched

core via successive RAFT process.

Table 3 Results from star polymer synthesis via RAFT polymerization using hyperbranched core?

Polymer Monomer  [M]/[Macro-CTA/[AIBN]  Time (min)  Conv.” (%) My meo’ (g mol™) My gpc? (g mol™)  PDIY
P(HB5-star-PEGMA) PEGMA 150/1/0.1 230 53.2 32140 25300 1.54
P(HB10-star-MEO,MA) MeO,MA 100/1/0.1 340 65.8 23080 14 300 1.59
P(HB25-star-MEO,MA) MeO,MA 100/1/0.1 320 70.4 26 350 25700 2.84

“Polymerization conditions: in DMF solvent at 70 °C with [Monomer (M)] = 1 mol L
macro-CTA + ([Monomer]/[macro-CTA] x molecular weight of monomer x conversion)).

~'. ? Determined by grav1metr1c analysis.

Measured by GPC in THF.
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Fig. 4 GPC RI traces of the (A) HB5 macro-CTA and P(HB5-star-PEGMA), (B) HB10 macro-CTA and P(HB10-star-MEO,MA), and (C) HB25 macro-

CTA and P(HB25-star-MEO,MA).

moved to the lower elution volume with an almost unimodal
P(HB5-star-PEGMA) P(HB10-star-
MEO,MA), suggesting no bimolecular termination or star-star
coupling reactions occur during the polymerization (Fig. 4).
However, a bimodal GPC-RI trace has been observed for the

distribution  for and

This journal is © The Royal Society of Chemistry 2014

P(HB25-star-MEO,MA) star polymers with broader PDI may be
due to the loss of CTA functionality or star-star coupling reac-
tion. The M,gpc for P(HB5-star-PEGMA), P(HB10-star-
MEO,MA) and P(HB25-sta-MEO,MA) polymers are much
lower than the M, e, values calculated from the monomer
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i (A)

Fig. 5 'H NMR spectra of (A) P(HB10-star-MEO,MA) star polymer in CDClz and (B) Boc de-protected P(HB10-star-MEO,MA) star polymer in

CDsOD.

conversion (Table 3) due to the compact nature of the star
polymers.”® The typical "H NMR spectra (Fig. 5A) for the star
polymers show characteristic signals for both the Boc-Val-HEA
and PEGMA/MEO,MA units.

Aqueous solution properties of the hyperbranched polymers

First, removal of the Boc groups of the pendant amino acid
moieties in the linear P(Boc-Val-HEA), hyperbranched copoly-
mers, and the corresponding star polymers were accomplished
in the presence of TFA at room temperature to obtain polymers
with primary ammonium (-NH;") salts (Scheme 2). After the
Boc group deprotection, all the polymers became soluble in
aqueous medium. The evidence for the successful Boc depro-
tection was demonstrated by the "H NMR spectroscopy, where
the resonance signal for the tert-butyl group at 1.44 ppm
completely disappeared in the de-protected hyperbranched
polymer, P(H;N'-Val-HEA-co-VBBT) (Fig. 1B), and in the
respective star polymer (Fig. 5B). Moreover, additional evi-
dence of the Boc deprotection was established by the FT-IR
study, where secondary N-H bending at 1501 cm™" in the Boc-
protected hyperbranched polymer (Fig. S91) disappeared after
the Boc group deprotection, and a small peak then appeared
at 1539 em™" in the de-protected hyperbranched polymers due
to the formation of -NH;". Similar results were noticed in the
FT-IR spectra of Boc-protected and corresponding de-protected
star polymers, except for variations in the intensities of the
different peaks.

Branched polymers synthesized via RAFT-SCVP contain
multiple hydrophobic chain termini, which might have a sig-
nificant effect on the solution properties of branched poly-
mers.”” Furthermore, deprotected polymers are expected to
show pH-responsive properties due to the protonation/deproto-
nation ability of the primary amine groups present in the
pendant amino acid moiety.>® Hence, the pH-induced solution
behaviour of hyperbranched copolymers was investigated by
UV-Vis spectroscopy at 500 nm by analyzing their aqueous
solution (2 mg mL™") as a function of pH. Initially, the pH of

6374 | Polym. Chem., 2014, 5, 6365-6378

the solution was adjusted to 3.0, and subsequently the pH was
incrementally increased approximately in an interval of
0.5 units, followed by the measurement of the % transmittance
(%T) at 500 nm. A reduction of 50% T of the polymer solution
was considered as the transition pH (Fig. 6). The transition pH
for the deprotected homopolymer, P(H;N'-Val-HEA), was
found to be 7.5, whereas the transition pH for the hyper-
branched copolymers increased from 6.8 for DHB5 to 7.5 for
DHB100 with the increase of feed ratio [Boc-Val-HEA]/[VBBT]
from 5/1 to 100/1, and the results are summarized in Table 2.
Since, the CTA-derived end group has a considerable effect on
the overall aqueous solution property of the polymers;** thus,
the observed phenomenon could be caused by the fact that the
number of hydrophobic VBBT moieties increased with the
increase of DB, which increased the overall hydrophobicity of
the branched polymer. Moreover, the overall charge density
due to the protonated pendant amino acid units of the
branched polymers increased with the increase of DB. Thus,
the apparent pKj, value (corresponding to 50% ionization) of

100

—a— DHB5
50 —®— DHB10

—A— DHB25
—v— DHB50
04—<¢ P(H,N"-Val-HEA)

5 6 7 8 9
pH

Fig. 6 Plot of transmittance at 500 nm versus pH for the aqueous solu-
tions of Boc-deprotected homopolymer and hyperbranched copoly-
mers (2 mg mL™Y) at 25 °C.

This journal is © The Royal Society of Chemistry 2014
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the branched polymers increased with the increasing DB.>
Sumerlin and co-workers reported that the lower critical solu-
tion temperature (LCST) of N-isopropyl acrylamide-based
hyperbranched polymers significantly reduced with the
increased degree of branching as compared to the linear ana-
logue due to the incorporation of a higher number of hydro-
phobic end group functionalities.”® Luzon et al. also reported
a RAFT-based hyperbranched system where the LCST of hyper-
branched copoly(oligoethylene glycol)s decreased about
5-10 °C compared to its linear chains.®

Deprotected homopolymer and hyperbranched copolymers
are also expected to show positive surface charges due to the
presence of primary amine functionality in the pendant amino
acid unit.°’ This was verified by measuring the zeta potential
() of aqueous solutions (1 mg mL™") of various deprotected
polymers at pH 7.0, and results are listed in Table 2. The net
positive ¢ indicates the presence of the primary amine func-
tionality in the homo- and hyper-branched co-polymers. Since
the charge density of hyperbranched polymers is proportional
to the DB, & increased with the increase of DB from 16.5 for
DHB100 to 25.2 for DHB5. Note that the £ values of DHB100
and linear homopolymer are the same due to the very little DB
in DHB100. Since branched PEIs are very efficient in gene
delivery,®” the present pH-responsive cationic hyperbranched
polymers are also expected to be promising materials for gene
and siRNA delivery applications.

Aqueous solution properties and the self-assembly of star
polymers

Boc-deprotected star polymers are composed of a pH-respon-
sive hydrophilic core with pendant primary amine units and
hydrophilic thermoresponsive multi-arms composed of
PEGMA/MEO,MA. To study their solution properties, the
numbers of arms of the stars and their core topologies were
varied. The polymers were dissolved in water (1 mg mL™") and
the size distributions of the star polymers were studied by DLS
at different pH and temperature (Fig. 7 and S107). Below the

24
—O0— pH=4.0;16°C

1—e— pH=7.5;16°C
18— PH=7526°C
—~— pH=4.0; 16 °C
1—— pH=7.5;16°C
12_+ pH=7.5;26°C

Volume (%)

100
Hydrodynamic Diameter (nm)

Fig. 7 Size distributions detected by DLS with the solution of 1 mg
mL™* at different pH and temperature for P(DHB10-star-MEO,MA) (blue)
and P(DHB25-star-MEO,MA) (red).
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phase transition pH (at pH = 4.0), the average hydrodynamic
diameters (Dy,) were found to be 4 £+ 1,4 + 1 and 5 + 1 nm for
the P(DHB5-star-PEGMA), P(DHB10-star-MEO,MA), and
P(DHB25-star-MEO,MA), respectively, corresponding to the
unimers in solution. Above the phase transition pH (at pH =
7.5), Dy, values were found to be 21 + 2 nm for P(DHB5-star-
PEGMA), 179 + 4 nm for P(DHB10-sta-MEO,MA) and 299 =
4 nm for P(DHB25-star-MEO,MA) at 16 °C, indicating the pH-
induced self-assembly of star polymers above their transition
pH (Table 4). In the case of P(DHB5-star-PEGMA), the Dy, value
is low, which is a common characteristic of star polymers due
to their spherical and compact structure, indicating the uni-
micellar aggregation, whereas high Dy, values of P(DHB10-star-
MEO,MA) and P(DHB25-star-MEO,MA) (at pH = 7.5 and 16 °C)
indicate the formation of multi-micellar aggregation (MMA).%?
After the Boc group expulsion, star polymers with pendant
primary amine units in the core should show a cationic character
(net positive &) at pH = 7 (Table 4). However, the ¢ values of the
star polymers are quite low compared to their corresponding
hyperbranched copolymer cores, possibly due to the steric
shielding effect offered by PEGMA and MEO,MA chains.*!

More accurate evidence for the aggregation of star polymers
with hyperbranched cores was obtained from SEM and AFM
imaging techniques. Fig. 8 shows the SEM micrograph of
P(DHB10-sta-MEO,MA) and P(DHB25-star-MEO,MA) star poly-
mers, where samples were prepared by drop-casting of
aqueous solutions of polymers (0.1 mg mL™") at pH = 7.5 and
at a particular temperature (16 or 26 °C). The observed dia-
meters of the self-assembled star polymers at different pHs
and temperatures are listed in Table 4, and are somewhat less
than the DLS values, which is quite common as the size of
hydrated aggregates is higher than the dried one.®® Due to the
spherical size and compact nature of the hyperbranched core,
star polymers are expected to show a small hydrodynamic
volume with a uni-micellar self-assembled aggregation.
However, very large sizes with 150 and 276 nm diameters were
obtained in SEM images for P(DHB10-sta-MEO,MA) and
P(DHB25-star-MEO,MA) star polymers, respectively, probably due
to the formation of MMA with amino acid-based hyperbranched
cores at pH = 7.5 and many hydrophilic MEO,MA arms. Below
the transition pH, star polymers remained as unimers in solution
that self-assembled to form uni-micellar aggregates, which further
underwent MMA above the transition pH of the hyperbranched
core. Scheme 3 shows the self-assembly mechanism of
MMA.*

The LCST of P(DHB10-star-MEO,MA) and P(DHB25-star-
MEO,MA) was found to be 22.8 and 22.5 °C, respectively, and
were determined by UV-Vis spectroscopy (see ESI and
Fig. S11}). These LCST values are a little low compared to the
actual LCST of PMEO,MA (LCST = 26 °C).*” Above the LCST of
these star polymers, the MMAs are fused together to a larger
aggregate with a diameter of ~500 nm as determined from the
SEM images in Fig. 8B and 8D. Further evidence of the aggre-
gation of the star polymers is obtained from the AFM (Fig. S12
and S137) analysis, and here too the sizes are in good agree-
ment with the DLS and SEM measurements.

Polym. Chem., 2014, 5, 6365-6378 | 6375
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Table 4 Aqueous solution properties and self-assembly of deprotected star polymers
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Size” (nm) (Dispersity)

SEM” (nm)

AFM°‘ (nm)

& (mv) at PH = 4.0, pH =7.5, pH=7.5, pH = 7.5, pH=7.5, pH =7.5, pH = 7.5,
Polymer pH=7.0 16 °C 16 °C 26 °C 16 °C 26 °C 16 °C 26 °C
P(DHB5-star-PEGMA) 1.4 4+1(0.218) 21+2(0.205) — 22 — 22 —
P(DHB10-star-MEO,MA) 3.7 4+1(0.262) 179 + 4 (0.378) 586 (0.204) 150 456 155 450
P(DHB25-star-MEO,MA) 4.2 5+1(0.532)  299+4(0.262)  600(0.342) 276 487 254 520

“ Determined by DLS. ? Obtained from SEM study. ¢ Determined from AFM measurement.

I*um

Fig. 8 SEM micrograph of P(DHB10-star-MEO,MA) at (A) pH = 7.5 and 16 °C, and (B) pH = 7.5 and 26 °C. SEM images of P(DHB25-star-MEO,MA) at

(C) pH = 7.5 and 16 °C, and (D) pH = 7.5 and 26 °C. Samples were prepared from 0.1 mg mL™* aqueous polymer solutions.

pH=4.0&T=16°C pH=75&T=16°C

Uni-micellar

Aggregation  Multi-micellar Aggregation

pH=7.5&T =26 °C

Fusion

Scheme 3 Schematic representation of the self-assembly of the P(DHB10-star-MEO,MA) and P(DHB25-star-MEO,MA) star polymers with a pH-
responsive amino acid-based hyperbranched core (black) and hydrophilic thermoresponsive multi-arms MEO,MA (green) at different pH and temp-

erature (T).

Conclusions It has been observed that the molecular weight, DB, repeat

unit per branch and the chain end functionalities of hyper-
In conclusion, we have demonstrated that the SCVP-RAFT branched copolymers can be altered with the variation of the
copolymerization of Boc-Val-HEA and VBBT can successfully co-monomer (Boc-Val-HEA and VBBT) feed compositions, the
produce amino acid-based hyperbranched and star polymers. concentration of Boc-Val-HEA monomer in the polymerization
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mixture and by the polymerization time. Polymerization kine-
tics studies with the varied [Boc-Val-HEA]/[VBBT] ratios reveal
that the molecular weight of hyperbranched copolymers
increase, while DB decreases linearly with the conversion.
Furthermore, hyperbranched copolymers with variable DB
could be employed as a macro-CTA for the synthesis of star
polymers with a hyperbranched core and a varied number of
arms and arm length via successive RAFT polymerization reac-
tions. The expulsion of Boc groups from the protected amino
acid moieties in the side chain of hyperbranched polymers
afford water soluble pH-responsive hyperbranched polymers
with cationic surface charges. Since the charge density of
hyperbranched polymers is proportional to the DB, & increased
with the increasing DB and the hydrophilic to hydrophobic pH
transition can be tuned between 6.8 and 7.5 by altering the
feed ratios of [Boc-Val-HEA]/[VBBT] during the polymerization,
which will give different amounts of hydrophobic CTA func-
tionality at the chain ends. Boc-deprotected DHB-star-
MEO,MA/PEGMA star polymers with pH-responsive core and
thermoresponsive arms showed a self-assembled aggregation
above the transition pH = 7.5 to a multi-micellar aggregation,
which further fused together to form large aggregates above
their LCST. These amino acid-based architectures with pH-
responsive properties and positive ¢ values are anticipated to
be biocompatible due to the presence of amino acid pendants
and could be explored for use as alternative and efficient gene
delivery devices.
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