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A green route to synthesize poly(lactic acid)-based
macromonomers in scCO, for biodegradable
nanoparticle productiony

Raffaele Ferrari,? Claudio Maria Pecoraro,? Giuseppe Storti® and Davide Moscatelli*?

Poly(lactic acid)-based macromonomers, aimed at biomedical applications and with well-defined average
chain length, are produced through catalytic ring-opening polymerization of L L-lactide co-initiated by a
co-monomer bearing a double bond. Reactions have been carried out in supercritical carbon dioxide
(scCO,) at different temperatures, ranging from 90 to 130 °C. The resulting oligomers have been
characterized by different techniques (*H-NMR, CNMR, MALDI-TOF, ESI, GPC, FT-IR, TGA), which show
that oligomers with narrower molecular weight distribution are produced at the lowest temperature. In
addition, a significant reduction of the impact of the secondary reactions has been found at this same
temperature (90 °C), leading to a crude product with enhanced purity. Finally, the synthesized
macromonomers have been used to produce NPs whose degradation behaviour has been investigated.
An improved control of the degradation rate is observed for the NPs synthesized using the
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1. Introduction

Poly(lactic acid) (PLA) is a biodegradable and biocompatible
polyester with a wide spectrum of applications, ranging from
packaging to tissue engineering and invasive drug delivery.'”
Poly(lactic acid) (PLA) can be produced by direct poly-
condensation of lactic acid*® or ring-opening polymerization
(ROP) of lactide (LT),"* the cyclic dimer of lactic acid. The latter
route is industrially applied to produce high molecular weight
polymers.” PLA mechanical properties are strongly affected even
by small amounts of residual monomer as well as of by-products
coming from secondary reactions.

Literature studies show that several side reactions take place
when producing polyesters at high temperature (higher than
130 °C), being the cyclization of the growing PLA chains the
dominant mechanism.® Other relevant reactions are intermo-
lecular and intramolecular transesterifications which are
responsible of different side products and broaden the molec-
ular weight distribution (MWD).**® Aimed to reduce the impact
of such reactions, low operating temperature should be used for
bulk polymerization, even though such choice is strongly
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macromonomer produced in scCO, at 90 °C.

limited by the high melting point of LT (95-99 °C). To reduce
the reaction temperature, organic solvents can be added to the
reaction mixture, thus introducing additional issues of separa-
tion and purification of the final product. As an alternative,
higher temperatures (around 180 °C) are applied in combina-
tion with a careful control of the maximum residence time,
since these side reactions are usually slower than propagation
reaction.'

Supercritical carbon dioxide (scCO,) is nowadays largely
used in post-production treatments of PLA, usually aimed to
purification or production of blended polymers with unique
properties."»** Due to its solvent power scCO, represents an
attractive medium for polymerization reactions alternative to
conventional organic solvents.'**® Moreover, due to its
remarkable plasticization ability when dissolved into polymers,
lower reaction temperatures can be accessed when running the
reaction in scCO,. Finally, the possibility to completely remove
the solvent by depressurization provides an additional major
advantage when biomedical applications are considered. As a
matter of fact, several recent studies have been published,
mainly focused on the comparative evaluation of PLA produced
in bulk and in scCO,.'*?* In particular, the possibility of
improving the polymer characteristics by reducing the reaction
temperature was evaluated only by Blakey and co-workers who
performed the reaction at low temperature in presence of an
organo-catalyst.*

Recently, we developed a strategy to produce nanoparticles
(NPs) made of degradable poly-e-caprolactone based on mac-
romonomers prepared through ROP of g-caprolactone co-initi-
ated by 2-hydroxyethylmethacrylate (HEMA).>* As an evolution
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of this approach, the production of PLA-based NPs using LT for
the macromonomer synthesis was explored.”” In particular,
such macromonomers are made of short and degradable PLA
chains with well-defined number of lactic acid units (from 2 to
15) linked to an HEMA molecule which provides the vinyl end
group. Such macromonomers (hereinafter HEMA-LA,) have
been recently polymerized in emulsion to produce NPs for
biomedical applications.” The resulting polymer chains are
composed of a poly(HEMA) backbone where each repeating unit
is grafted with n units of PLA; notably, the degradation rate of
the produced NPs can be easily tuned by changing n.** With this
respect the synthesis of macromonomers with low and well-
controlled molecular weight is highly desirable in order to
increase the NP degradation rate. Moreover, side products that
can affect the emulsion polymerization step and the final
polymer properties, such as species with double vinyl groups
that can lead to cross-linked polymers, should be strictly
avoided.

Since the feasibility of producing low and medium molecular
weight PLA at low temperature in scCO, has been already
proved,” the same approach is exploited in this work to
synthesize low molecular weight macromonomers. Namely,
HEMA-LA,, macromonomers with n equal to 6 and 8 have been
produced at different temperatures using tin octoate as catalyst.
The presence of scCO, allows the melting of LT thus allowing to
substantially decrease the reaction temperature without intro-
ducing possible issues due to the solvent removal. "H-NMR has
been used to characterize such macromonomers and obtain an
optimum reaction time in scCO,. TGA and FT-IR have been
adopted to confirm their synthesis, while MALDI-TOF and ESI,
highly detailed characterization techniques for low molecular
weight polymers, have been used to investigate the relevance of
secondary products; in this way, different species present in the
final polymer at different reaction conditions could be identi-
fied, along with the corresponding side reactions.”*** GPC
analyses have been also performed and combined with MALDI-
TOF data giving a first estimation of Mark-Houwink parameters
for such macromonomers. The improved purity and the nar-
rower MWD of the oligomers produced in scCO, at lower
temperature has been clearly evidenced. Finally, HEMA-LAg
produced in scCO, at 90 °C has been used to produce NPs with a
reduced content of tin (25 ppm), thus suitable for further bio-
applications, in order to confirm the improved applicative
behaviour of the material produced in scCO,.** The degradation
behaviour of such particles has been compared to that of NPs
obtained from macromonomers synthesized in bulk conditions
at 130 °C. In conclusion it has been possible confirm that the
different swelling and degradation behaviours of NPs are
ascribed to the different characteristics of the initial
macromonomers.

2. Experimental section
2.1 Materials

L,i-Lactide (LT, PURAC, 99% purity), 2-hydroxyethylmetha-
crylate (HEMA, Sigma Aldrich, purity =99%) and 2-ethylhexanoic
acid tin(u) salt (Sn(Oct),; Sigma Aldrich, purity ~95%) were used
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as received. For gel permeation chromatography (GPC), tetra-
hydrofuran (THF; Sigma Aldrich, =99.7% purity) was used as
eluent. CDCI; (Sigma Aldrich) was used to dissolve samples for
'H-NMR and "C-NMR analysis. Finally, CH,Cl, and CHCI,
(both Sigma Aldrich) were used to dissolve samples for MALDI-
TOF and ESI. For NPs production, potassium persulfate (KPS,
Sigma, =99% purity) and sodium dodecyl sulfate (SDS, Merck,
purity ~90%) were used.

2.2 Macromonomer synthesis

A thermostated stainless steel reactor previously applied to
polymerization reactions carried out in scCO, was used.”
Desired amounts of monomer, catalyst and initiator were put in
a glass vial which was inserted in the reactor. The reactor was
sealed and CO, (99.95% pure, PanGas, Switzerland) was flushed
using a high-pressure piston pump (NWA GmbH, Germany) to
remove air humidity. Then, the reactor was heated up to the
reaction temperature (90, 110 and 130 °C) and pressurized with
scCO, up to 100 bar. The amount of CO, fed to the reactor was
measured using a mass flow meter. 9.45, 10.50, and 13.05 g of
CO, were charged at 130 °C, 110 °C, and 90 °C, respectively; the
corresponding absolute error was estimated as +0.01 g. At the
operating conditions, a two phase system was clearly observed:
a supercritical CO,-rich phase and a liquid monomer-rich
phase. This configuration is fully consistent with the literature
for the system LT-CO, at similar conditions.'** Therefore, the
reaction was taking place in a liquid mixture and with limited
amounts of reactants initially solubilized in the supercritical
phase. Since the reaction locus is the liquid, such reactants are
transported back to the reacting phase during the process. At
the end of the reaction the reactor was vented, opened and the
oligomers were removed. The reaction recipes were: 1 g of
L,i-lactide, 0.20 g of HEMA and 3.1 mg of Sn(Oct), for the
synthesis of HEMA-LAg and 1 g of i,i-lactide, 0.32 g of HEMA
and 5.0 mg of Sn(Oct), for HEMA-LA¢. The amount of Sn(Oct),,
was kept smaller than 50 ppm with respect to LT. The co-
monomer HEMA acts as an initiator; the initiator-to-catalyst
molar ratio was maintained equal to 1/200. Due to the small
amounts of catalyst, very slow reaction rates are established,
with reaction times longer than typical literature values.'® To
evaluate the conversion evolution in time, different reactions
have been performed with different durations; 1, 2, 3 and 4 days
at 90 °C; 6, 14, 18 and 24 h at 110 °C; 2, 3, 4, 5 and 6 h at 130 °C.
In order to fully remove the unreacted LT, the crude macro-
monomer was first dissolved in chloroform and dropwise added
to an excess of cyclohexane where the purified product was
precipitated.”®

2.3 Macromonomer characterization

The macromonomer sampled at different reaction times was
characterized via, "H-NMR. Oligomers obtained at the optimum
reaction time (as discussed later) were also characterized
through "*C-NMR, Thermo Gravimetric Analysis (TGA), Infrared
Spectroscopy (FT-IR), MALDI-TOF, ESI and GPC.

Structure and composition of the macromonomers were also
determined by "H-NMR and "*C-NMR in CDCl; using 500 MHz
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Ultrashield NMR spectrometer (Bruker, Switzerland). As already
reported, the average number molecular weight (M,) of the
macromonomers has been evaluated by 'H-NMR through
eqn (1)

g g
Mrr  B(methylene)

M, = Mugma +——

2 D(a — methylene) ()

where the term into brackets represents the average number of
lactoyl units added to an HEMA molecule. The same apparatus
was used to collect "*C-NMR spectra.

Thermal properties were studied using TGA (STA 6000, Perkin
Elmer, US). Samples of 10 mg were analysed under nitrogen
(30mLmin ") from 30 °Cto 350 °C at heating rate of 10°C min .

FT-IR spectra were recorded using attenuated total reflection
absorbance detection (TENSOR Series FT-IR spectrometer,
Bruker, Switzerland). For each sample, scans were recorded
between 4000 cm ™" and 500 cm " (resolution equal to 8 cm™%).

MALDI-TOF mass spectra were recorded using an Ultraflex II
TOF Bruker spectrometer (Bremen, Germany) using 2-[(2E)-3-
(4-tert-butylphenyl)-2-methylprop-2-enylidene]-malononitrile
(DCTB) as matrix material. Samples co-crystallized with the
matrix on the probe were ionized by Smart Bean laser pulse
(337 nm) and accelerated under 25 kV with time-delayed
extraction before entering the time-of-flight mass spectrometer.
Matrix and sample were separately dissolved in dichloro-
methane and mixed in ratio 10 : 1 matrix : sample. To produce
some specific adducts, sodium ions are added (1% sodium
acetate in methanol). 1 pL mixture of matrix and sample was
spread on a MALDI-TOF MS probe and air-dried. All spectra
were performed in positive reflection mode; external calibration
was performed by using peptide calibration standard II
(700-3200 Da) from Care (Bruker, Switzerland).

Macromonomers were also analysed by using a maXis ESI-
Q-TOF (Bruker, Switzerland) mass spectrometer equipped with
an automatic syringe pump for sample injection (KD Scientific,
US). The ESI-Q-TOF mass spectrometer was running at 4500 V,
with desolvation temperature of 200 °C. The mass spectrometer
was operated in the positive ion mode; nitrogen was used as
nebulizer and drying gas. The standard electrospray ion (ESI)
source was used to generate ions and chloroform (CH;Cl) was
used as a solvent. Sixty shots from each spot were averaged to
obtain one mass spectrum. The ESI-Q-TOF MS instrument was
calibrated in the m/z range 50-1300 with the use of an external
calibration standard (Tunemix solution), supplied by Agilent.

The MWD of all samples were measured by SEC (Agilent,
1100 series, US) equipped with two detectors, ultraviolet (UV)
and differential refractive index (RI), using THF as eluent with 1
mL min~' flow rate and temperature of 35 °C. After the pre-
column, two columns in series were used: a PLgel 5lm MIXED-C
column (Polymer Laboratories, length: 300 mm; diameter:
7.5 mm; measuring range: 2000-2 000 000 Da) and an oligopore
column (Polymer Laboratories; length: 300 mm; diameter:
7.5 mm: measuring range, 0-4500 Da). Universal calibration
based on polystyrene standards (Polymer Laboratories,
162-28 500 Da) and Mark-Houwink-Sakurada parameter
values for polystyrene measured in THF at 35 °C (K; = 1.14 X
10"* dL g " and a; = 0.716)* were applied as discussed later.

This journal is © The Royal Society of Chemistry 2014

View Article Online

RSC Advances

2.4 Nanoparticles synthesis and degradation

NP synthesis, as well as degradation studies were performed as
recently described by Yu et al.>*> A monomer starved semi-batch
polymerization reaction was performed to obtain PLA-based
NPs, while their degradation was monitored at constant
temperature (50 °C) by dynamic light scattering (DLS, Zetasizer
Nano, Malvern, UK).

3. Results and discussion
3.1 Preliminary characterization of macromonomers

Macromonomers, typically in the form of transparent and
viscous liquids, produced at different reaction times as reported
in the Experimental section have been analysed by 'H-NMR. A
first characterization of macromonomer synthesis has been
done by estimating time evolutions of conversion versus time
and number average molecular weight (M,,) versus conversion as
shown in Fig. 1 for the different reaction temperatures.

Each single experimental value reported in the figure repre-
sents an independent reaction; then, in order to evaluate the

a) 100
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Fig. 1 Conversion versus time (a) and M,, versus conversion (b) for
HEMA-LAg produced in scCO, at 90 °C (- ), 110 °C (C ), and 130 °C
(: ) as evaluated by *H-NMR. Lines represent data fitting for 90 °C
(straight line), 110 °C (dashed line), and 130 °C (dotted line).
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corresponding relative error, a specific experiment (6 hours of
reaction time at 130 °C) was repeated three times at constant
operating conditions. The "H-NMR results show an average
error on the average molecular weight smaller than 10% (705,
740, and 748 Da), thus confirming the acceptable reproduc-
ibility of the experiments. Then, it is worth mentioning that M,,
decreases at very long polymerization time. A decrease of
molecular weight has been already reported at high conversion
values (higher than 95%) and imputed to side reactions."* Then,
a maximum reaction time, which correspond to a range of final
conversion from 92% to 95%, specific for each temperature
value was set to prevent such decrease (6 h, 18 h and 72 h at
130 °C, 110 °C, and 90 °C, respectively). Fig. 1b also indicate a
polymerization behaviour close to livingness. The next part of
the discussion focuses on the characterization of macro-
monomers produced at these optimum reaction times.

A typical "H-NMR spectrum of HEMA-LA; macromonomer is
shown in Fig. 2a together with peak assignments, which
confirm the macromonomer molecular structure (peak inte-
grations are reported in Fig. S17 of the ESI). The peaks of the
residual LT are also shown, since they have been used to
calculate the monomer conversion (peaks B’). Moreover,
BC-NMR spectrum reported in Fig. 2b further confirms the
molecular structure of the macromonomer.

As previously shown, the macromonomer formation is
confirmed; the calculated values of M,, obtained by "H-NMR are
collected in Table 1.

The thermal resistance of the crude macromonomers was
then characterized using TGA, heating the polymer from 35 °C
to 400 °C. Profiles of thermal decomposition of LT and of two
macromonomers recorded at different temperatures are shown
in Fig. 3.

The thermal behaviour of the examined species is quite
different: while the thermal degradation of LT is complete at
240 °C, that of HEMA-LA; just started at the same temperature.
The slight weight loss detectable for HEMA-LAg at temperature
below 250 °C is most probably due to the removal of non-reac-
ted LT, while no significant differences are detectable in the two
samples produced at different temperatures. The thermal
behaviour of HEMA-LA is fully comparable to the one observed
for HEMA-LA; (see Fig. S27).

Finally, FT-IR analysis of the produced macromonomers has
been performed to confirm the macromonomer formation and
the addition of lactoyl units to the HEMA molecules (detailed
results reported in Fig. S37).

3.2 Role of the side reactions

After the preliminary characterization discussed above, aimed
to prove the feasibility of the synthesis of HEMA-LA, macro-
monomers in scCO,, the detailed characterization of macro-
monomer molecular structure and purity when synthesized
both at lower temperature and suitable reaction time has been
performed using MALDI-TOF and ESI. Firstly, MALDI-TOF have
been used to evaluate M,,, calculated as 845, 844, and 725 Da for
HEMA-LAg, 697, 590 and 581 Da for HEMA-LA, produced at 130,
100, and 90 °C, respectively. Such average molecular weights
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from MALDI-TOF are always higher than those measured by
GPC and "H-NMR: this is quite expected, since species at low
molecular weight (smaller than 400 Da) are not detected by this
technique using the selected calibration. Finally, the poly-
dispersity values (lower than 1.1) confirm the anticipated living
behaviour of the reaction.

As already reported in the Introduction, side reactions play a
relevant role during the ROP of LT at high values of conversion
or reaction temperature, even though a non-negligible contri-
bution has been found also at temperature as low as 130 °C."*
Such events lead to MWD broadening, thus decreasing the
quality of the final material.*® In particular, in the case of PLA
homopolymers, the most important side reactions are inter-
and intra-molecular transesterifications, as well as chain scis-
sion, and their possible pathways have been summarized in
Scheme 1.*%**% The reaction steps involve both active and
dormant PLA chains, as generically indicated by the terminal
asterisk.

Notably, macromonomers with odd number of lactoyl units
can be formed only when transesterifications occur, either
intermolecular or intramolecular (A and B in Scheme 1). In fact,
two lactoyl repeating units are added per each propagating step
and the presence of species with an odd number of repeating
units can be considered as the proof of the active role of such
reactions. In the specific case under examination (HEMA
terminal units bearing ester groups), additional trans-
esterification paths become possible, as shown in Scheme 2.

Reaction A1, has been previously reported for e-caprolactone
chains initiated by HEMA.** It is worth mentioning that also
ester groups are able to initiate transesterification reactions
(A2). Nevertheless, their reactivity is very low compared to that
of hydroxyl groups (reaction A in Scheme 1): then, the contri-
bution of reaction A2 has been neglected in this work.** Finally,
reaction C in Scheme 1 is a pyrolysis reaction recently proposed
when studying the thermal degradation of PLA.>*3%%7

All previous reactions affect the MWD of the oligomers; in
particular transesterifications (A and B in Scheme 1) lead to
chains with lower or higher number of lactoyl repeating units
with respect to the average number of the non-transesterified
chains. Moreover, the concentration of small sized cyclic
compounds produced in the case of backbiting reaction (B),
which happens if the reactive site is an ester group located into
the same macromonomer chain, should be minimized since
they are unreactive species in the next emulsion polymerization
step. Finally, reactions A1 and C, are responsible for the
formation of products with two vinyl end groups which could
act as crosslinking agents during the following emulsion poly-
merization step.

In order to assess the effects of the secondary reactions,
HEMA-LAg oligomers produced at 130 °C and 90 °C were ana-
lysed through MALDI-TOF. The recorded spectra are shown in
Fig. 4 while detailed peak assignments are reported in the ESI
(Fig. S47).

The major peaks in the figure correspond to macro-
monomers of different length associated with the cation Na'.
The values of the experimental and theoretical masses, as well
as the absolute values of their difference (|A(m/z)|), are collected

This journal is © The Royal Society of Chemistry 2014
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Table 1 Produced macromonomers and corresponding *H-NMR
characterization results

"H-NMR
Macromonomer Temp. [°C] Time [h] n M, [Da]
HEMA-LAg 130 6 8.0 705
HEMA-LAg 110 18 8.0 704
HEMA-LAg 90 72 6.3 581
HEMA-LA¢ 130 6 5.6 536
HEMA-LAq 110 18 4.7 465
HEMA-LA¢ 90 72 4.3 440
100
80
= 60
=
2
S 40
20
0
50 100 150 200 250 300 350 400

Temperature [°C]

Fig. 3 TGA thermograms of LcL-lactide (solid line), HEMA-LAg
produced in scCO, at 130 °C (dashed line) and at 90 °C (dotted line).
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in Table 2: their close agreement confirms the peak assignment.
It is important to notice that peaks at very low molecular weight
(such as 272 and 353 Da) are due to the matrix.

The peaks with the highest intensity in both Fig. 4a and b
can be ascribed to macromonomers with even number of lactoyl
repeating units. In Fig. 4a two different distributions can be
visualized, corresponding to oligomers with even and odd
numbers of lactoyl repeating units. On the other hand, oligo-
mers with odd numbers of units are detected at much lower
relative intensity in Fig. 4b. Finally, small amount of chains
initiated by water are observed in both the products.

The dominant species is the target macromonomer (HEMA-
LAg) only when the reaction is carried out at low temperature,
while HEMA-LA;, becomes dominant if the reaction is per-
formed at higher temperature. In the latter case, the final MWD
is broader than that obtained at 90 °C, meaning that much
longer chains than the target value (HEMA-LA; in this case) are
formed. Indeed, macromonomers bearing up to 20 lactoyl units
(1593 Da) are detected by MALDI-TOF, while macromonomers
with molecular weight higher than 1161 Da (HEMA-LA,,) are
not detectable when the reaction is performed at 90 °C.

In order to further deepen the characterization of the final
products, the relative areas of macromonomer peaks have been
compared; since the oligomers possess the same end groups,
their ionization energies are comparable, thus allowing to
evaluate the relative intensities of the m/z signal to achieve a
quantitative evaluation of macromonomer amounts.**%%
Then, to estimate the relevance of the transesterification

A - Intermolecular transesterification
i AR Y H Lol k
H7c=ccocu,cup—|~cclﬂo}»CTHO—CTHO{—CCHO !!cno-‘ HzC=ﬂ|?COCHzCH?O+CC|H0 ccl:uo--
n
tI:Hg CHy | CHy oMy cln, " <|:H3 CHy +CH3 CHs
0 0 0 0 o 0
0 0 0 — I I o gl
|| [[ || H3;C=CCOCH;CH;0 CCHO CCHO—CCHOI—CCHO CCHO—*
H,C=CCGCH,CH7D—|—~CCH0-}—CCH-—§—‘ | | % | m |
| | b | CHy CHy CHy CHy CHy CH,
CH, CH;  CH;
B - Intramolecular transesterification (backbiting) : :
[+] o o [+] o o} I Il Il
I Il Il I I o H,C=CCOCH,CH;0—~CCHOT—CCHO—*
H,C=CCOCH;CH,0—{~CCH0]—CCH0—ccno HOTCCH—O— | |
| | n | | w | CHy CHy = CHy O o) 0
CHy CHy CHy CH; CH —_— Il | I
+ CTHOF‘CTHO'EDTHO
0
C - Non radical chain scission (pyrolysis) o
o] o Hs H;C=C(|?!OCH?CHZO+(|?|£HO ﬂCH——-CHg
I Il o> Ll I [
HC=CCOCH,;CH;0—~CCHO+—CCH—8——CCHO—CCHO{-CCHO—* CHy CHs
[ h ] ] — % ﬁ ﬁ ﬁ
CH CH - CH;  CH
’ : H/c \H ) : : ||0——C(|)H0—I—C(|)HO}70(|)HU-—'
CHg CHy " CHy
HEMA LA
Legend: !—‘O Ve Where:

CHy

"=}
HyC==CCOCH;CHO 0(|‘-H0~]—" *=5n-0OR active chain

[+]
” dormant chain

n
CHy

Scheme 1 Major secondary reactions involved in the ROP of LT.
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Fig.4 MALDI-TOF of HEMA-LAg macromonomer produced in scCO,
at 130 °C (a) and 90 °C (b).

reactions, we calculated the amounts of high molecular weight
macromonomers with odd number of repeating units, those
which can be produced only by these side reactions. The
percentages of peak area of macromonomers with n equal to or
higher than 14 are 29%, 14% and 5% when the reaction is
performed at 130 °C, 110 °C and 90 °C, respectively. Repeating
this evaluation for the entire range of molecular weights but
focusing on macromonomers with odd number of lactoyl
repeating units, the following percentages are evaluated: 18%,

This journal is © The Royal Society of Chemistry 2014

Macromonomer |A(m/z)|
(LA units) m/z™"° [Da] mjz® [Da] [Da]
4 441.14 440.89 0.25
5 512.93 512.93 0

6 585.18 584.98 0.20
7 657.20 657.02 0.18
8 729.22 729.06 0.16
9 801.24 801.09 0.15
10 873.29 873.13 0.16
11 945.16 945.16 0

12 1017.31 1017.19 0.12
13 1089.33 1089.22 0.11
14 1161.35 1161.24 0.11
15 1233.37 1233.26 0.11
16 1305.39 1305.39 0.10
17 1377.41 1377.30 0.11
18 1449.43 1449.32 0.09
19 1521.45 1521.31 0.14
20 1593.48 1593.35 0.13

12%, and 4.6% at 130 °C, 110 °C and 90 °C, respectively.
Similar results have been observed for the HEMA-LA; macro-
monomer (Fig. S5f). It becomes clear that the trans-
esterification reactions broads the MWD and shifts the
molecular weight of the oligomers to higher values when the
ROP is performed at 110 or 130 °C. Conversely, no significant
broadening is observed if the reaction is carried out at milder
temperature, even if the reaction time is much longer (from
hours to days), thus proving that side reactions are signifi-
cantly reduced. It is worth mentioning that the only additional
peaks detected non related to the macromonomers correspond
to PLA oligomers initiated by water instead than by HEMA:
such additional initiator, present as impurity in the raw LT,
can be removed through recrystallization in extra-dry toluene,™
a treatment not applied here.

RSC Adv., 2014, 4, 12795-12804 | 12801
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With reference to Scheme 1 no evidences about the presence
of the reactives pathway A1 and C were obtained by MALDI-TOF
analyses. Then, ESI analyses of the same crude products were
performed, since this technique has higher resolution power
than MALDI-TOF for very low molecular weight (<2000 Da),*
though not effective for quantitative estimations. A comparison
between the ESI spectra of the macromonomers produced at
130 °C and 90 °C is presented in Fig. 5 (detailed peaks analysis is
reported in Fig. S67).

No significant differences were detected in comparison with
the MALDI-TOF results in the “high” molecular weight portion
of the spectrum (>400 Da), since only species related to mac-
romonomers (associated with cations Na' or NH,") and their
isotopes were found at both operating temperatures.
Conversely, if shorter chains are considered (<400 Da), some
relevant differences between macromonomers produced at
different temperatures appear. First, PLA macrocycles
composed by 3 and 5 lactoyl units were recognized (239.02 and
382.28 Da) at high reaction temperature. These species can be
produced only by backbiting reactions, thus confirming the
relevance of intramolecular transesterification at 130 °C.
Furthermore, chains made of pure PLA ended by an acidic
group were also detected and, as previously reported for MALDI-
TOF, they were attributed to species initiated by water. Finally,
macrocycles were not detected in the macromonomer mixture
produced at 90 °C (detailed peaks reported in Fig. S6b¥), thus
confirming the negligible role of intramolecular trans-
esterifications at this temperature. Since no side products
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Fig.5 ESI of HEMA-LAg macromonomer produced in scCO, at 130 °C
(a) and 90 °C (b).
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coming from pyrolysis or transesterification to the first position
were detected by both MALDI-TOF and ESI, it can be concluded
that these reactive pathways are fully negligible in the investi-
gated temperature interval.

Finally, results obtained from MALDI-TOF spectra have been
coupled with GPC data to provide a first estimation of Mark-
Houwink (MH) parameters for HEMA-LA,,. The measured MWD
of HEMA-LA; produced in scCO, at different temperatures are
shown in Fig. 6 as measured by GPC.

Four main peaks can be identified in all the eluted curves
shown in Fig. 6, as indicated by the arrows in the figure. GPC
calibrated with PS standards has been adopted to determine the
MW correspondent to the four peaks highlighted in the figure,
estimated as 1254, 1065, 819, and 517 Da. By comparing these
peaks with the relatives areas obtained from MALDI-TOF they
have been identified as macromonomers with n equal to 10, 8, 6,
and 4, respectively. Then, by applying MH equation, two
parameters, a and K, have been obtained leading to obtain
universal calibration for HEMA-LA,,. These values, reported in
Table 3 are quite different from PLA values while they are closer
to HEMA-CL,, values estimated from viscosity analyses.**

3.3 NP degradation behaviour

Aimed to evaluate the quality of the materials obtained at
milder temperature, HEMA-LA; and HEMA-LAg produced at 90
°C were finally used to produce NPs through a monomer
starved, semibatch emulsion polymerization.”> NP degradation
behaviour was compared to that of NPs obtained using the same
macromonomers produced at 130 °C in bulk. The size of the
NPs produced using macromonomers synthesized at 90 °C are
summarized in Table 4. As it can be observed a nice agreement
has been found with macromonomers produced at 130 °C as.
The degradation behaviour of these NPs at 50 °C is shown in
Fig. 7 where the evolution of particle size versus time is reported.
The figure shows an increase in the particle size of all the
selected NPs up to their complete disruption and the formation

RI Signal []

Elution time [min]

Fig. 6 GPC elution curves of HEMA-LAg produced in scCO, at 90 °C
(solid line), 110 °C (dashed line) and 130 °C (dotted line).
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Table 3 MarkIHouwink parameters for PLA, MLA- and PCL-based
macromonomers, poly(HEMA) and poly(styrene)

Mark-Houwink parameters

Monomer KdLg ) x10* a()

HEMA-LA, 2.05 0.591
LA* 2.59 0.689
HEMA-CL,,** 2.00 0.571
HEMA®*° 2.39 0.537
Styrene™° 1.14 0.716

Table 4 Particle produced through MSSEP using different macro-
monomers, bulk data from Yu et al.**

Particle size

n Reaction medium [nm] Polydispersity index** [-]
6 scCO, 28.4 0.043
6 Bulk 26.5 0.055
8 scCO, 27.9 0.094
8 Bulk 25.3 0.055
200
n
150 L]
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Fig. 7 Evolution of particle size vs. time during the degradation of NPs
from macromonomers produced in bulk at 130 °C (HEMA-LAg (, ),
and HEMA-LAg (B )) and produced in scCO, at 90 °C (HEMA-LAg (- ),
and HEMA-LAg (C)).

of a transparent solution where NPs are no longer detected by
DLS.

As reported in the literature by Yu et al.,* this behaviour was
explained by a swelling mechanism: during degradation, the
lipophilicity of the NPs decreases because of the reduction of
molecular weight due to the elimination of lactic acid and its
oligomers due to ester hydrolysis. As a result, water diffuses into
the particles increasing their size by swelling as well as further
enhancing hydrolysis of PLA side units. Eventually, poly-HEMA
chains are formed, whose solubility in water explains particle
disappearance. Since longer times are required to hydrolyze
longer chains, particle disruption takes place at different times:
such times increase at increasing length of the PLA side chains,
from 6 days for HEMA-LA¢ to 9 days for HEMA-LAg, Therefore,

This journal is © The Royal Society of Chemistry 2014
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NPs with tunable degradation time are easily produced by
tuning the macromonomer size.

Notably, NPs based on HEMA-LAg synthesized at 90 °C in
scCO, exhibit higher values of the maximum swelling; in fact,
their size grows up to about 150 nm before the disruption takes
place, which is indeed higher than the final size of the NPs
produced with the macromonomer synthesized in bulk. More-
over, their degradation is completed in 9 days, while 12 days are
required by NPs based on HEMA-LAg produced at 130 °C, and
the time evolution is clearly different in the two cases. A fully
equivalent behaviour was observed for NPs based on HEMA-
LAs. Such reduced time of full degradation along with the faster
degradation rate can be imputed to the different MWD of the
original macromonomers, containing lower fraction of species
at high molecular weight when synthesized at higher
temperature.

4. Conclusion

PLA-HEMA copolymers with controlled average chain length
have been produced from r,.-lactide, using HEMA as initiator
and Sn(Oct), as catalyst. HEMA-LA,, macromonomers with n = 6
and 8 have been produced in scCO, at constant pressure (100
bar) and different temperatures, from 90 to 130 °C. At each
reaction temperature, maximum reaction durations were
defined to minimize the impact of side reactions. The produced
oligomers were fully characterized by 'H-NMR, TGA, FT-IR,
MALDI-TOF, and ESI. MALDI-TOF proved the increased purity
(less by-product content) of the macromonomer produced at
90 °C, while the formation of macrocycles by backbiting reac-
tions, non-detectable by MALDI-TOF, was identified by ESI.
Such by-products are found when ROP is performed at higher
temperature while their amounts becomes negligible if the
reaction is carried out at milder temperature. Additional GPC
analyses have been used to give a first estimation of MH
parameters for HEMA-LA,. The produced macromonomers
have been used to synthesize NPs by monomer starved, semi-
batch emulsion polymerization. Their degradation rates,
tunable by tuning the target PLA chain length, have been
compared to that of NPs synthesized using macromonomers
produced in bulk at 130 °C. The different degradation behav-
iours confirm the impact of the reaction conditions applied
during the macromonomer synthesis on the properties of the
final NPs.
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