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Novel biodegradable and low cytotoxic poly(ester amide)s (PEAs) based on a-amino acids
and (L)-lactic acid (L-LA) oligomers were successfully synthesized by interfacial polymeri-
zation. The chemical structure of the new polymers was confirmed by spectroscopic
analyses. Further characterization suggests that the a-amino acid plays a critical role on the
final properties of the PEA. L-phenylalanine provides PEAs with higher glass transition
temperature, whereas glycine enhances the crystallinity. The hydrolytic degradation in PBS
(pH=17.4) at 37 °C also depends on the a-amino acid, being faster for glycine-based PEAs.
The cytotoxic profiles using fibroblast human cells indicate that the PEAs did not elicit an
acute cytotoxic effect. The strategy presented in this work opens the possibility of synthe-
sizing biodegradable PEAs with low citotoxicity by an easy and fast method. It is worth to
mention also that the properties of these materials can be fine-tuned only by changing the
a-amino acid.

Keywords: o-amino acids; (L)-lactic acid oligomers; interfacial polycondensation;
degradation; biocompatibility

1. Introduction

The interest in synthetic biodegradable polymers for biomedical applications has increased
significantly along the recent years. Until now, most of the studies have focused on the
development and application of aliphatic polyesters, such as poly(lactic acid), poly(lactic-
co-glycolic acid) and poly(e-caprolactone). However, their application is sometimes limited
by their low thermal and mechanical properties and poor interaction with cells. In order to
overcome such limitations, an increasing interest has been paid to PEAs.[1] PEAs are a
family of synthetic polymers whose structure includes both ester and amide linkages, and
whose properties lie between those of polyesters and polyamides. The presence of the amide
linkages promotes intra- and intermolecular hydrogen bonding, hence contributing to the
thermal and mechanical properties of the PEAs. In turn, the biodegradability of the PEAs is
ensured by the presence of the ester linkage.[2] PEAs containing a-amino acids and
o-hydroxy acids (e.g. L-LA or glycolic acid) in their structure, commonly known as

*Corresponding author. Email: anafs@eq.uc.pt

© 2013 Taylor & Francis



1392 A.C. Fonseca et al.

polydepsipeptides, are a particular family of PEAs whose importance in biomedical field is
well recognized.[1,3,4] Upon degradation, such PEAs release common metabolites in the
human body (a-amino acids and o-hydroxy acids), and for that reason, the toxicity induced
by these materials is very low. Furthermore, given that the degradation products have both
acid and basic natures, a neutralization effect occurs, thus preventing the accentuated pH
decrease, commonly observed in polyesters degradation. Additionally, the presence of
the o-amino acid gives to the material the capacity of being degraded by enzymatic
pathways.[5,6]

PEAs with different properties can be obtained by simply changing the o-amino acid
pendant group. Different side chain groups influence important properties such as crystallinity
degree, chain flexibility, and hydrophilic/hydrophobic balance. Such properties have an
important role in the biodegradation behaviour of PEAs as well as in their interaction with
cells.[7]

In this work, PEAs based on glycine, L-phenylalanine and L-LA were prepared by
interfacial polymerization, using a diamine derived from the above-mentioned a-amino acids
and a diacyl chloride derived from L-LA oligomers. Interfacial polymerization was the
selected approach since it is a fast and simple polycondensation method, in which the
polymer is obtained within few hours of reaction (viz. 3 h).[8] The preparation of PEAs by
interfacial polymerization using conventional diamines [9,10] and diamines based on a-amino
acids [11] has been reported in literature. However, the proposed synthesis of the diamines
based on a-amino acids is quite complicated, involving troublesome protection/deprotection
steps of the a-amino acids functional groups, even for the simplest a-amino acid.[11] In our
strategy, the o-amino acid based diamines were obtained by a Fischer esterification between
the a-amino acid and the chosen diol, in the presence of p-toluene sulfonic acid monohydrate.
It is a simple method that has been successfully used for the synthesis of this type of
monomers.[7,12,13] The L-LA oligomers were prepared by the melt polycondensation of
L-lactic acid, which is a less expensive synthesis route when compared to the conventional
ring opening polymerization of L-lactide.

2. Experimental

2.1. Materials

L-LA (80%), ethylene glycol (EG) (99%), di-cthylene glycol (DEG) (99%), poly(ethylene
glycol) (PEG, M,=300gmol "), p-toluenesulfonic acid monohydrate (p-TSA), glycine
(>99%), L-phenylalanine (>98%), sebacoyl chloride (92%), anhydrous sodium carbonate
(Na,CO3), N N'-dimethylformamide (HPLC grade) and chloroform (HPLC grade) were
purchased from Sigma—Aldrich (St Louis, USA), and used as received. Dichloromethane,
toluene and acetone were supplied by José Manuel Gomes dos Santos Lda (Odivelas, Portu-
gal) and were purified by standard methods before use.[14] Deuterated dimethylsulfoxide
(DMSO-d,) was purchased from Eurisotop (France).

Dulbecco’s modified Eagle’s medium (DMEM-F12), ethylenediaminetetraacetic acid
(EDTA), lactate dehydrogenase (LDH) assay, L-glutamine, 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulphofenyl)-2H-tetrazolium inner salt (MTS), penicillin G,
phosphate-buffered saline solution (PBS), streptomycin, amphotericin B and trypsin were
purchased from Sigma-Aldrich (Sintra, Portugal). Human fibroblast cells (Normal Human
Dermal Fibroblasts adult, criopreserved cells) were purchased from PromoCell (Labclinics,
S.A.; Barcelona, Spain). Fetal bovine serum (FBS) was purchased from Biochrom AG
(Berlin, Germany).
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2.2. Synthesis procedures
2.2.1.  Synthesis of bis(a-amino acid) esters

A suspension of the a-amino acid (glycine or L-phenylalanine) (27.5 mmol), DEG (12.5 mmol)
and p-TSA (30mmol) in toluene (Scheme 1) was heated up to 130 °C under stirring, in a
round-bottom flask equipped with a Dean-Stark apparatus and a condenser with a drying tube.
The suspension was kept under reflux until no more water was distilled. The excess of toluene
was removed using reduced pressure and the products were recovered by recrystallization. The
bis(a-amino acid) ester derived from glycine and DEG (1) was recrystallized from an isopropa-
nol/ethyl acetate mixture, whereas the bis(a-amino acid) ester derived from L-phenylalanine
and DEG (2) was recrystallized from water.[5,15,16]

Elemental analysis for C,,H3,N,01;S, (1): Calculated — C 46.80%; H 5.67%; N 4.96%;
Found — C 46.92%; H 5.86%; N 5.52%. Yield: 48%.

"H NMR (DMSO-dg, 6, ppm): 7.49-7.13 (8H, Ar—H), 4.28 (4H, COOCH,CH,), 3.85
(4H, NH;"CH,), 3.68 (4H, COOCH,CH,), 2.29 (6H, Ar-CH;).

IR spectra (cm™): 1755 (VC=0,ger), 1212 and 1177 (vVC—O—Cleger), 1129 (vVC—O—Cleher),
1030 and 1010 (v,5 SO3, vs SO5, respectively).

Elemental analysis for C36H44N,01;S, (2): Calculated — C 58.05%; H 5.91%; N 3.76%;
Found — C 58.55%; H 5.80%; N 3.8%. Yield: 52 %.

"H NMR (DMSO-d, 6, ppm): 7.49-7.11 (18H, Ar-H), 4.29 (2H, NH;"CHCH,Ph), 4.22,
4.17 (4H, COOCH,CH,), 3.54, 3.48 (4H, COOCH,CH,), 3.12, 3.04 (4H, CH,Ph), 2.29 (6H,
Ar-CHj).

IR spectra (cm ™ '): 1736 (VC=O¢ger), 1229 and 1177 (vVC—O0—Cleger), 1129 (VC—O—Cliner)s
1039 and 1014 (v,s SO5, vs SO7, respectively).

2.2.2. Synthesis of L-LA telechelic oligomers

For the preparation of L-LA oligomers with —OH terminal groups (PLA-OH) and different
central units, L-LA was copolymerized with EG or PEG (10 mol% relative to the amount of
L-LA). The polymerization was carried out in the melt for 13 h, at atmospheric pressure and
170°C (Scheme 2). During the reaction, a continuous stream of nitrogen was maintained
under the surface of the melt. The oligomers were purified by a dissolution (acetone)/precipi-
tation (water) method. The excess of solvent was evaporated under vacuum, and the viscous
liquid oligomer was placed in a vacuum oven, at 40 °C, for four days.[17,18] PLA-OH 1:
M, =598 gmol ', M,,/M, =1.32; PLA-OH 2: M, =600 gmol ', M, /M, =1.18

2.2.3.  Synthesis of PEAs

The PEAs were synthesized by interfacial polymerization between diacyl chlorides
derived from the L-LA oligomers and the bis(c-amino acid) esters derived from glycine and
L-phenylalanine.
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Scheme 1. Reaction between the a-amino acids and DEG, to yield bis(o-amino acid esters).
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Scheme 2. Reaction between L-LA and EG and L-LA and PEG.
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Scheme 3. Reaction between L-LA telechelic oligomers and sebacoyl chloride.

2.2.3.1.  Synthesis of diacyl chloride derived from L-LA oligomers. The L-LA telechelic olig-
omers (3 mmol) were dissolved in dichloromethane (4.5 mL) and added dropwise to a stirred
solution of sebacoyl chloride (6 mmol) in dichloromethane (4.5mL), at 40 °C. The reaction
was allowed to proceed for 2h (Scheme 3). [10,11]

2.2.3.2.  Interfacial polymerization of (1) and (2) with PLA-CI 1 and PLA-CI 2. (1) or (2)
(6 mmol) was dissolved in distilled water (18 mL). Na,CO3 (12 mmol) was added and the
resulting solution was placed in an ice bath. Next, the organic solution prepared in the previ-
ous step was added dropwise to the aqueous solution under stirring. The reaction was allowed
to proceed for 2h (Scheme 4). The precipitated polymer was recovered by filtration, washed
thoroughly with acetone, distilled water and dried under vacuum.[10,11]

2.3. Characterization techniques
2.3.1.  Chemical structure identification

Elemental composition of the bis(a-amino acid) esters was determined using an elemental
analyzer EA1108 CHNS-O from Fisons Instruments.

Fourier transform infrared (FT/IR) spectra were obtained in the range 4000—500cm™ " at
room temperature using a Jasco FT/IR-4200 spectrometer, equipped with a Golden Gate

1
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Scheme 4. Reaction between the bis(a-amino acid) esters and L-LA-derived diacyl chlorides.

Single Reflection Diamond ATR. Data collection was performed with 4cm ™'

resolution and 128 accumulations.

'"H NMR spectra were obtained in deuterated dimethylsulfoxide (DMSO-dp), at 25°C, on a
Varian Unity 600 MHz Spectrometer using a 3 mm broadband NMR probe. Tetramethylsilane
(TMS) was used as internal standard.

spectral

2.3.2.  Molecular weight distribution

The number-average (M,) and weight-average (M) molecular weight of the L-LA oligomers
were determined by size-exclusion chromatography (SEC) using two PLgel MIXED-D col-
umns (Polymer Laboratories) coupled to an evaporative light scattering detector, PL-EMD
960. Chloroform was used as eluent and the system was calibrated with narrow polystyrene
standards.

The molecular weight distribution of the PEAs was determined using a HPSEC, Viscotek
(Dual detector 270, Viscotek, Houston, USA) with a differential viscosimetry (DV) detector,
and refractive index (RI) detector (Knauer K-2301). The column set consisted of a PL 10 um
guard column (50 mm x 7.5 mm) followed by two MIXED-B PL columns (300 mm x7.5 mm,
10 um). HPLC pump (Knauer K-1001) was set with a flow rate of I mLmin~'. The system
was also equipped with a Knauer on-line degasser. The tests were done at 60 °C using an
Elder CH-150 heater. The samples were filtered through a PTFE membrane with 0.2 mm
pore, before the injection (100 uL). DMF with LiBr (0.03% w/w) was used as the eluent. Uni-
versal calibration was done with four narrow polystyrene standards (M, (g mol~1))= 1820;
4290; 10,050; 30,300).

2.3.3.  Thermal properties

The thermal stability of PEAs was firstly evaluated by simultaneous thermal analysis (STA:
heat-flux DSC and TGA), using a TA Instruments SDT Q600 equipment (thermobalance sen-
sitivity: 0.1 ug), which was previously calibrated in the range 25-1000 °C by running tin and
lead as melting standards, at a heating rate (¢) of 10°Cmin~', using open alumina crucibles
and a dry nitrogen purge flow of 100mL min~'. Sample weights ranging from 8 to 10mg
were used. At least two runs were performed for each sample.
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The thermal behaviour of PEAs was further studied by modulated differential scanning
calorimetry (MDSC) in a TA Instruments Q100 model equipped with a RCS90 cooling unit.
The heat flow and the heat capacity were calibrated at 2°C min~' using, respectively, indium
and sapphire standards. The samples were analysed in aluminum pans with an ordinary alu-
minium lid loosely placed. Sample weights ranging from 5 to 10 mg were used. A heating
rate of 2°Cmin~', a modulation period of 60s, and a temperature modulation of +0.40°C
were applied. A dry nitrogen purge flow of 50mL min~' was used in all measurements. For
glass transition temperature measurements, a heating/cooling cycle from 25 to 190°C and
from this temperature to —85 °C was performed to eliminate the thermal history, after which
the samples were heated at 2°Cmin~' from —85 to 190°C. The values of glass transition
temperature were obtained from the corresponding heat capacity step (half-height), obtained
from the reversing signal. At least two runs were performed for each sample.

Dynamic mechanical thermal analysis (DMTA) was carried out in a Tritec 2000 DMA.
The runs were performed using PEAs in powder form, placed in stainless steel material
pockets, in a single cantilever bending geometry. The tests were carried out from —150 to

190°C, in multifrequency mode, with a standard heating rate of 2 °C min~".

2.3.4. In vitro degradation

In vitro hydrolytic degradation tests were done in PBS (pH="7.4), at 37 °C, for 40 days. Then,
20mg of PEA samples were immersed in SmL of PBS and incubated at 37 °C. At predeter-
mined times, PBS was removed and the sample washed with distilled water and centrifuged.
This procedure was repeated for three times. Then, the PEA was dried under vacuum until no
weight change was observed. The degree of degradation was estimated from the weight loss
of the PEA according to the Equation (1):

Wy —Ww,
I

Weightloss (%) = 7
0

100 (1)

where W, is the initial weight of the dry samples before immersion, and W, is the dry PEA
sample weight after incubation for ¢ days.

2.3.5.  In vitro biocompatibility studies

2.3.5.1. Proliferation of human fibroblasts cells in the presence of the PEAs. Human Fibro-
blasts cells were seeded in T-flasks of 25cm? with 6 mL of DMEM-F12 supplemented with
heat-inactivated FBS (10% v/v) and 1% antibiotic/antimycotic solution. After the cells become
confluent, they were subcultivated by a 3—5 min incubation in 0.18% trypsin (1:250) and 5 mM
EDTA. Subsequently, cells were centrifuged, resuspended in culture medium and then seeded in
T-flasks of 75 cm?. Hereafter, cells were kept in culture at 37 °C in a 5% CO, humidified atmo-
sphere, inside an incubator. To evaluate cell behaviour in the presence of the materials, fibro-
blasts cells were seeded with materials in 96-well plates at a density of 15 x 103 cells per well,
for 72 h. The materials were sterilized by UV irradiation for 30 min, before being placed in con-
tact with cells. Cell growth was monitored using an Olympus CX41 inverted light microscope
(Tokyo, Japan) equipped with an Olympus SP-500 UZ digital camera.[19,20] The materials’
morphology with/without cells was analysed by SEM. To evaluate cell adhesion and prolifera-
tion, human fibroblast cells were seeded with materials. After two days of culture, the samples
were fixed overnight with 2.5% glutaraldehyde in PBS at 4 °C. Hereafter, samples were rinsed
three times with distilled water for 2 min and dehydrated in graded ethanol of 70, 80, 90, and
100 %, for 5min each.[21] Subsequently, the materials were mounted on stubs using a
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double-side adhesive tape and sputter coated with gold using an Emitech K550 sputter coater
(London, UK). The SEM images were acquired with a SEM Hitachi S-2700 (Tokyo, Japan)
with an acceleration voltage of 20kV at different magnifications.[22]

2.3.5.2.  Characterization of the cytotoxic profile of PEAs. Human fibroblasts cells were
seeded in the presence of the different PEAs, in 96-well plate, with 100 ul of DMEM-F12
and following incubated at 37°C, in a 5% CO, humidified atmosphere. After predetermined
incubation periods (24, 48 and 72h), cell viability was assessed through the reduction of the
MTS into a water-soluble formazan product. Briefly, the medium of each well was removed
and replaced with a mixture of 100 uL of fresh culture medium and 20 uL of MTS/PMS
reagent solution. Then, cells were incubated for 4h at 37°C, under a 5% CO, humidified
atmosphere. The absorbance was measured at 492 nm using a microplate reader (Sanofi, Diag-
nostics Pauster). Wells containing cells in the culture medium without materials were used as
negative controls (K—). Ethanol (96%) was added to wells that contained cells, as a positive
control (K+).[21,23,24] Moreover, a LDH assay was also performed. In this assay, the
amount of extracellular LDH released from damage cells was measured as an indicator of
cytotoxicity. After 24, 48 and 72h in the presence of materials, the well plates were shaken
briefly to homogenize the release LDH into the culture medium and then 50 pL of this med-
ium was transferred into a fresh 96-well plate. Then, the LDH assay mixture (100 uL) was
added to each well. After 20-30 min, the enzymatic activity was stopped by the addition of
hydrochloric acid. Then, the absorbance of the samples was measured at 492 nm. Wells con-
taining cells in the culture medium without materials were used as negative control. Lysis
solution was added to wells containing cells to be used as positive control.

3. Results and discussion
3.1. Synthesis of L-LA telechelic oligomers and their chemical structure identification

The synthesis of L-LA oligomers with hydroxyl terminal groups was carried out in the melt,
without catalysts, using L-LA, in the presence of EG or PEG as co-monomers. It is expected
that the diols react with a molecule of L-LA or a small L-LA oligomeric chain, yielding
oligomeric chains with hydroxyl terminal groups.[17,18] As the polymerization proceeds, the
carboxylic groups of L-LA monomer or L-LA oligomeric chain react with the hydroxyl
groups of the telechelic chain. As a result, at the end of the polymerization, the final product
should have only one type of terminal group.[17]

The structural features of the L-LA oligomers were investigated by FTIR and '"H NMR
spectroscopies. Figure 1 presents the FTIR spectra of the L-LA oligomers with hydroxyl
terminal groups. The wavenumbers corresponding to the characteristic bands and respective
assignments are presented in supporting information (Table S1).

Further information about the structural features of L-LA oligomers was provided by 'H
NMR analysis shown in Figure 2.

Here, it is possible to observe the resonances corresponding to the central units of L-LA
oligomers, as well as those corresponding to the terminal hydroxyl groups. The resonances in
the 5.2-4.96 ppm range are attributed to the —CH (e) groups of L-LA central units. The
signals in the 1.5-1.35 ppm range correspond to the —CH; (d) groups of the L-LA oligomeric
chain, including those linked to the EG or PEG central unit. In the 4.3—4.1 ppm range it is
possible to observe the resonances of the —CH (b) protons from the hydroxylated end units,
together with the —CH, protons of the EG or PEG linked to the L-LA oligomeric chain. The
well-separated resonances in the 1.3—1.2 ppm range correspond to the —CHj; (¢) protons of the
hydroxyl end units.[25] These resonances are common to both L-LA oligomers, as expected.
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Figure 1. FTIR spectra of the L-LA oligomers with hydroxyl terminal groups and an ethylene glycol
central unit (A); and a poly(ethylene glycol) central unit (B).
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Figure 2. '"H NMR spectra of the L-LA hydroxyl-terminated oligomers.

The only difference lies in the resonances of the L-LA oligomers central unit. For PLA-OH
1, the resonance corresponding to the —CH, (f) protons of EG should appear near 4.36 ppm.
However, this peak is overlapped by the resonance of the —CH protons from the hydroxylated
end units of the L-LA oligomeric chain units. In PLA-OH 2, the resonance corresponding to
central —CH, (f, f’) protons of PEG chain is well resolved, appearing at 3.5 and 3.6 ppm.
The resonance at about 5.47 ppm (a) observed in both spectra can be attributed to the protons
of the hydroxyl terminal groups.

Taking into account the obtained results, it is possible to conclude that the L-LA
oligomers with —OH terminal groups were successfully obtained and can be used as
precursors for the synthesis of PEAs.

3.2.  Synthesis of PEAs and their chemical structure identification

The PEAs were synthesized by interfacial polymerization between glycine- and L-phenylala-
nine-based bis(a-amino acid) esters and L-LA oligomers-based diacyl chlorides. Na,CO3; was
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used as acid acceptor for p-TSA in order to regenerate free amino groups in the bis(a-amino
acid) ester.

The molecular weight distribution (MWD) of the PEAs was measured by SEC (universal
calibration) using the viscosity measured by the on-line viscosimeter. Figure 3(A) shows the
SEC traces (RI and DV) obtained for the PEA-Glyl. It is possible to observe a linear depen-
dence of log Mw vs retention time, which indicates a proper separation of the samples in the set
of columns used. The use of an on-line viscosimeter allowed the measurement of the viscosity
directly from the detector and the determination of the Mark—Houwink—Sakurada constants
(Figure 3(B)) for this polymer, in the experimental conditions used. These parameters are partic-
ularly important since it is known the difficulty to determine accurately the PEAs MWD.[1]

Table 1 presents the molecular weights of the four synthesized PEAS.

The PEAs MW is rather low, predictably due to a low availability of acyl chloride
functionalities necessary to react with the a-amino acid based diamines. In principle, this fact
can be ascribed to: the low functionality of the L-LA oligomers necessary to form the macro-
diacyl chloride (see Scheme 3); and/or the hydrolysis of the macrodiacyl chloride during the
interfacial polymerization that decreases the availability of acyl chloride functionalities to
react with the a-amino acid-based diamine. Nevertheless, it is interesting to note that the MW
and PDI obtained for the different PEAs are similar regardless the starting monomers used. It
is worth to mention that the same procedure was used to synthesize the PEAs. Therefore, it
can be stated that both o-amino acids-based diamines and L-LA-based diacyl chlorides should
have similar reactivities. Regarding dn/dc, the obtained values demonstrate that this property
depends on the a-amino acid used, but is not dependent on the central unit of the L-LA
oligomeric segment. Taking into account that these values are relatively low, the analysis of
the PEAs using the light-scattering detector is very difficult.

The chemical structure of the PEAs was investigated by FTIR and "H NMR spectroscopies.
Figure 4 presents the FTIR spectra of the synthesized PEAs.
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Figure 3. Normalized RI and DV signals vs retention time (A) and log [5] vs log Mw (B) for
PEA-Glyl.

Table 1. Molecular weight, PDI and dn/dc values for the PEAs.

Poly(ester amide) M, (Da) PDI dn/dc (ml gfl)
PEA-Gly 1 4.200 1.62 0.049
PEA-Gly 2 4.900 1.37 0.043
PEA-Phe 1 4.700 1.51 0.064
PEA-Phe 2 4.800 1.67 0.067
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Figure 4. FTIR spectra of the PEAs: (A) containing glycine; and (B) containing L-phenylalanine.

Here, it is possible to observe the bands corresponding to the ester and amide linkages.
The Amide A (v-NH) band is relatively broad and appears in a wavenumber zone that indi-
cates that the —NH group is involved in a H-bond. The absence of shoulders above
3380cm ' indicates the absence of free N—H groups.[26,27] The bands corresponding to the
vC=0,ger appear in a wavenumber range that is characteristic of non H-bonded ester groups.
Additionally, the wavenumber corresponding to the Amide I band is characteristic of —
C=0,miqe H-bonded groups.[28] Thus, one can conclude that, in the synthesized PEAs, the
prevailing interaction established at ambient temperature is a H-bond of the type Nymige—H ...
Oamide=- The wavenumbers corresponding to the characteristic bands, with the respective
assignments are presented in supporting information (Table S2).
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Figure 5. 'H NMR spectra of the PEAs synthesized from the L-LA diacyl chlorides containing an
ethylene glycol central unit.
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Further insights on the PEAs structure were provided by 'H NMR spectroscopy.

The 'H NMR spectra (Figure 5) presents the resonances of the protons of the PEAs
synthesized from the L-LA diacyl chlorides containing an EG central unit and respective
assignments. The "H NMR spectra of the remaining PEAs are shown in supporting informa-
tion (Figure S1). The resonance of the amide protons (k) is clearly visible at J ~ 8.23 ppm for
all PEAs. It is interesting to note that the resonance of the —CHj; protons (c) belonging to the
hydroxyl end units of the L-LA oligomeric chain (Figure 2) does not appear in the '"H NMR
spectra of the PEAs. This is indicative that the L-LA oligomeric chain was incorporated in the
PEAs through an ester linkage. Besides, due to the incorporation of the L-LA chain, the termi-
nal —CH, protons of sebacoyl chloride are linked to an ester linkage in one side, and to an
amide linkage in the other side. Thus, it is expected that such —CH, groups present different
chemical shifts. This is corroborated by the presence of two distinct resonances
(g and j) in the "H NMR spectra of the prepared PEAs. In the PEAs based on L-phenylalanine,
the resonances corresponding to the aromatic ring protons are clearly visible (p, ¢, 7).

The data provided by FTIR and "H NMR spectroscopies are in full agreement with the
proposed chemical structure of the PEAs (Scheme 4), and thus one can conclude that the
polymers were successfully synthesized.

3.3. Thermal properties of the PEAs

The thermal events and the thermal stability of the synthesized PEAs were evaluated by
simultancous thermal analysis (STA, TGA/DSC), in a 25-600°C temperature range.
Additionally, the thermal transitions of the synthesized PEAs, below degradation temperature,
were studied in detail by MDSC and dynamic mechanical thermal analysis (DMTA). Table 2
presents the relevant temperatures taken from the thermal analysis.

It is possible to see that the thermal stability of the PEAs is not highly dependent on the
lateral group of the a-amino acid, since only slight variations are observed in the 7, and
T100, values of the PEAs. Regarding the weight loss pattern (see supporting information,
Figure S2), the TGA analysis revealed that the PEAs under study present two degradation
stages. Analogous behaviour has been found for different types of PEAs.[5,9,29] No weight
loss is observed at temperatures below the main mass loss stages, indicating the absence of
sub-products or oligomers with low thermal stability. In the light of the available information
in literature, the first stage of weight loss can be ascribed to the cleavage of ester linkages
along with ether linkages, whereas the second stage can be ascribed to the cleavage of amide
linkages, which are known to be thermally more stable.[30]

Regarding the thermal events of the PEAs below degradation temperature, the MDSC
analysis revealed that glycine-based PEAs have a well-defined melting endotherm (Table 2

Table 2. Characteristic quantities obtained from STA (TG/DSC), MDSC and DMTA analysis.
Ton: extrapolated onset temperatures (STA-TG); Tige,: temperature corresponding to 10% of mass loss
(STA-TG); T4 degradation temperature of the PEAs (STA-DSC); 7,,: melting temperature (MDSC);
T, (MDSC and DMTA). The uncertainties correspond to the standard deviation.

PEA Tn °C)  Tion (°O) T4 (°C)* T (°O)° Ty psc/°C Ty pmra/°C
PEA-Gly 1 300.0+£0.2 299.2+0.8 335.3=+0.1 126.6+0.2 0.15+0.1 -2
PEA-Gly 2 296.7+1.1 301.1+1.9 3543+0.0 120.6+0.2 (53+0.0) —8.94+0.1 —9.1
PEA-Phe 1 3082+04 296.7+19 351.4+13 x 13.67+0.3 9.9
PEA-Phe 2 313.9+0.9 301.3+1.5 359.3+2.1 x 2.84+0.1 -1.1

“The temperatures presented correspond to peak temperatures.
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and Figure S3(A) from supporting information), demonstrating their semi-crystalline character.
PEA-Gly 1 presents a melting endotherm at ca. 127 °C and no additional peaks are detected.
PEA-Gly 2, in turn, has an endotherm at ca. 120°C and presents an additional peak at ca.
53°C (Table 2). Thus, in PEA-Gly 2 two crystalline phases should exist: one attributed to the
segments containing the amide linkage and the other to the L-LA segments.[9,11] Regarding
the PEAs containing L-phenylalanine in their structure, none of them showed melting peak,
revealing their amorphous character (Figure S3(B) from supporting information). The bulky
side groups of L-phenylalanine prevent a close chain packing, and hence the crystallization.
[7] In fact, research works dealing with the preparation of a-amino acid-based PEAs have
reported a significant decrease in the crystallinity as the a-amino side group becomes more
voluminous.[5,31-33]

The glass transition temperatures (7,) of the synthesized PEAs were determined by
MDSC and DMTA (Table 2). The different values of T, are explained by the differences in
the definition of the glass transition among the two techniques.[34] Nevertheless, in both
analyses the values of T, follow the same tendency. PEA-Gly 2 and PEA-Phe 2 present a T,
value lower than PEA-Gly 1 and PEA-Phe 1, respectively. The former group of PEAs
presents PEG in their structure and consequently a higher density of ether linkages, which are
known to be quite flexible linkages for free rotation. Thus, the flexibility of the polymeric
chain increases, promoting the chain segmental movement that leads to a decrease in the T
value.[16] The higher values of 7, correspond to the PEAs containing L-phenylalanine in the
structure (PEA-Phe 1 and PEA-Phe 2). This result was expected since the aromatic side group
of L-phenylalanine provides stiffness, contributing to motion restrictions in the polymeric
main chain, thus increasing the 7, value. All the PEAs present a single glass transition, which
indicates the total miscibility between the L-LA oligomeric segments and the amide linkages
containing segments.

3.4. In vitro degradation of the PEAs

The hydrolytic degradation under simulated physiological conditions (pH=7.4 PBS, 37°C)
was studied and the weight loss pattern of the synthesized PEAs is shown in Figure 6.

Here, it is possible to observe that the weight loss of the different samples increases
continuously with time. The PEAs containing glycine have a faster weight loss than those
containing L-phenylalanine. It is known that the degradation of polymeric materials depends
mainly on their molecular weight and degree of crystallinity.[35,36] The results provided by
SEC analysis revealed that the PEAs have a similar molecular weight. However, in what
concerns the crystallinity, MDSC analysis showed that the glycine-based PEAs have a
semi-crystalline nature, whereas the L-phenylalanine-based PEAs are amorphous. In
semi-crystalline polymers (e.g. polyesters), the degradation starts in the amorphous region and
only after in the crystalline region. Since in the amorphous regions the polymeric chains are
loosely packed, it is easier for the degradation medium to penetrate in such regions. When
most of the amorphous regions are degraded, the degradation proceeds to the crystalline
domains.[35,36] Based on these observations, it was expected that the L-phenylalanine-based
PEAs presented higher weight loss than their glycine counterparts, contrarily to what was
observed. Therefore, it seems that the lateral group of the L-phenylalanine has a key role in
PEA-Phe 1 and PEA-Phe 2 hydrolytic degradation behaviour. Since the lateral group of
L-phenylalanine is highly hydrophobic, it makes the penetration of the aqueous degradation
medium into the PEAs structure more difficult, thus diminishing the degradation rate.

Regarding the influence of the central unit of the L-LA diacyl chloride (see Scheme 4), it
is possible to see that the PEAs containing the L-LA diacyl chloride with a PEG central block
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Figure 6. Weight loss of PEAs degraded in pH=7.4 PBS at 37°C.

(PEA-Gly 2 and PEA-Phe 2) degrade faster than those containing EG (PEA-Gly 1 and PEA-
Phe 1). The presence of PEG (highly hydrophilic molecule) in the polymer backbone should
increase the affinity of the PEAs towards the aqueous degradation medium, accelerating the
hydrolytic degradation.[37,38]

Studies conducted on the hydrolytic degradation of different PEAs showed that they
degrade through the ester-bond cleavage,[36,39,40] whereas the amide linkage remains
essentially intact. Compositional changes of PEAs during the hydrolytic degradation were
evaluated by FTIR by comparing the band areas ratios of the vVC=Ocg; and vC=0O,jqe, in the
region of 1600-1800cm ™' . The different samples present a decrease in the area ratio of
VC=0ggter t0 VC=0ymiqe as the hydrolysis time increases, indicating that the ester linkages
degrade faster than the amide linkages [41] (see Table S3 in supporting information).

3.5. In vitro citotoxicity of the PEAs

As previously mentioned, human fibroblasts cells were seeded at the same initial density in
the 96-well plates, with or without the PEAs to assess their cytotoxicity. Cell adhesion and
proliferation was characterized using an inverted light microscope (Figure 7).

Figure 7 shows that cells adhered and grew in the presence of the materials and in the
negative control. A higher number of cells was observed in the presence of glycine-based
PEAs, after 72h. For PEAs containing L-phenylalanine, a lower number of cells was
observed, after the same period of time, which can be related with the hydrophobic nature of
L-phenylalanine-based PEAs. Previous in vitro cytotoxicity studies conducted with fibroblasts
showed that the cells proliferated better in more hydrophilic materials.[42,43] In the positive
control, no cell adhesion or proliferation was observed. Dead cells with their typical spherical
shape were visualized.

PEAs were also characterized by SEM in order to obtain high-resolution images of PEAs
morphology with or without human fibroblasts cells seeded on their surface. SEM images
showed that PEAs have a high level of microporosity and roughness (Figure 8 (A), (C), (E)
and (G), which is essential for both cell growth and nutrient transport.[44] Human fibroblasts
cells formed focal adhesions and assembled stress fibres on polymers surface, which is
fundamental for cell survival (see Figure 8(B), (D), (F) and (H)).
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PEA-Phel PEA-Gly 2 PEA-Gly1

PEA-Phe 2

Figure 7. Microscopic photographs of human fibroblasts cells seeded in the presence of the different
PEAs after 24, 48 and 72 h.

K—, negative control; K+, positive control. Original magnification x 100.
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Figure 8. SEM images of PEAs at different magnifications: (A) PEA-Gly 1; (C) PEA-Gly 2; (E) PEA-
Phe 1; (G) PEA-Phe 2. (B), (D), (F) and (H) show human fibroblasts cells adhered to the surface of the
different samples. White arrows illustrate human cells.
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Figure 9. Cellular activities measured by the MTS assay (A) and LDH assay (B) after 24, 48 and 72 h;
Positive control (K+); negative control (K—).

Additionally, MTS and LDH assays were also performed in order to further characterize
materials cytotoxic profile. The MTS assay results (Figure 9(A)) showed that cells in presence
of tested samples had higher viability than the positive control, but slightly lower than the
negative control. This indicates that the PEAs do not provoke an acute toxic effect in the
cells. The LDH assay results (Figure 9(B)) are in agreement with those obtained for the MTS
assay. Thus, it is possible to conclude that the human fibroblast cell membrane integrity was
not significantly affected after 24, 48 and 72h of being seeded in the presence of the
materials.

The results herein presented show that none of the samples affected significantly cell
integrity or viability, which is very important for the biomedical applications proposed for
these materials.
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Conclusions

Four different PEAs based on o-amino acids and L-LA oligomers were successfully synthe-
sized by interfacial polymerization. The chemical structures were confirmed by spectroscopic
analysis. All the synthesized PEAs present a similar molecular weight and PDI. The lateral
group of the a-amino acid showed to have important influence in the thermal properties of
the PEAs as well as in their hydrolytic degradation behaviour. The cytotoxic profile of the
PEAs was evaluated using fibroblasts human cells and it was found that the materials did not
elicit an acute toxic effect in the cells. The new polymers synthesized in this work can be
used as building blocks in more complex structures to enhance both the degradability in
physiological medium and biocompatibility of such structures.

The data presented in this manuscript provides the scientific community with a straightfor-
ward method for the preparation of PEAs based on a-amino acids and o-hydroxy acids. This
fact is particularly relevant knowing the potential of these materials in biomedical applications.

Supplementary material

The supplementary material for this paper is available online at http://dx.doi.org/10.1080/
09205063.2012.762293.
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