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Network formation by aza-Michael addition of
primary amines to vinyl end groups of
enzymatically synthesized poly(glycerol
adipate)
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Abstract

A highly efficient approach for the synthesis of polyester-based networks via aza-Michael addition of primary amines to
a, f-unsaturated (vinyl) end groups of poly(glycerol adipate) (PGA) was achieved. By acylation of PGA with 6-(Fmoc-amino)hex-
anoic acid side chains via Steglich esterification, protected amine-functionalized PGA was obtained. This was followed by the
removal of fluorenylmethyloxycarbonyl (Fmoc) protecting groups and the synthesis of PGA-based networks under catalyst-free
conditions. The successful conjugate addition of primary amines to vinyl end groups and network formation were confirmed
using "*C magic angle spinning NMR and Fourier transform infrared spectroscopy. Network heterogeneity and defects were
quantitatively investigated using "H double-quantum NMR spectroscopy. Finally, a hydrogel was prepared with potential bio-

medical applications.

Supporting information may be found in the online version of this article.

Keywords: poly(glycerol adipate); vinyl end groups; aza-Michael addition; network synthesis; gels
_______________________________________________________________________________________________________________________]

INTRODUCTION

Polymer networks belong to an important class of polymeric
materials with a broad range of industrial and biomedical applica-
tions. By definition, polymer networks are three-dimensional
structures that can be formed by crosslinking of polymer chains,
by either chemical or physical crosslinks." Hydrophilic polymer
networks can form hydrogels with tunable water uptake capacity.
They have been used and developed for various biological and
biomedical purposes.* Specifically, biodegradable and biocom-
patible hydrogel systems have attracted considerable interest
for their use in drug delivery, as they offer a convenient controlled
drug release. Therefore, it is advantageous to use biodegradable
polymer backbones in the preparation of hydrogels.” Among
these biodegradable polymers, aliphatic polyesters are receiving
significant attention due to their biodegradability and biocompat-
ibility that make them favorable candidates for drug delivery sys-
tems.2"° The traditional synthetic pathways for the production of
polyesters use metal-based catalysts. Under these conditions, the
residual metals from the catalyst used are hard to remove, which
may have harmful effects on the environment as well as the
resulting polyesters with metallic traces being not suitable for bio-
medical use due to their potential toxicity.'' > Hence, in vitro syn-
thesis of polyesters through enzymatic polymerization in organic
media has been extensively developed as an important

alternative to the conventional polycondensation or ring-opening
polymerization because of the high catalytic activity and high
selectivity of the enzymes under mild reaction conditions.'* Ali-
phatic functional polyester synthesis using enzymes as biocata-
lysts is promising for environmentally benign synthesis of
polymeric materials.”® In this regard, the most widely used
enzyme is lipase B derived from Candida antarctica (CAL-B).
CAL-B shows high regioselectivity towards primary hydroxyl
groups rather than secondary ones."® Thus, linear polyesters can
be synthesized having pendant OH groups on their backbones,
which renders these polymers hydrophilic. Poly(glycerol adipate)
(PGA) is a well-established, hydrophilic polyester with one pendant
free OH group per repeat unit. It is generally produced from
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enzymatic transesterification reaction between glycerol and either
dimethyl adipate or divinyl adipate. PGA has been widely investi-
gated in the field of drug delivery.'”"® Likewise, our group has
reported a modified PGA, which was synthesized from activated
vinyl ester monomers with various fatty acids to produce amphi-
philic PGA useful for nanoparticle formation.?° Recently, the conju-
gation between dimethylcasein and amine-functionalized PGA
using microbial transglutaminase was reported.?'

In the work reported in this paper, we focused on the develop-
ment of an efficient strategy for the synthesis of biodegradable
and biocompatible networks. Initially, we synthesized PGA with
well-defined vinyl end groups. Then, 6-(Fmoc-amino)hexanoic
acid (6-(Fmoc-Ahx)) side chains were introduced to the PGA back-
bone to produce PGA-g-6-(Fmoc-amino)hexanoate (PGA-g-
6-(Fmoc-Ahx)). The use of Fmoc (fluorenylmethyloxycarbonyl) as
a protecting group is crucial in order to achieve well-defined net-
works in the final synthesis step. The Fmoc protecting groups
were subsequently removed and the synthesis of networks based
on PGA was achieved via aza-Michael addition reaction of primary
nucleophilic amines to the vinyl end groups of the PGA backbone.
This method is simple and works efficiently under mild conditions
and without using any catalyst. The chemical structures were ana-
lyzed using Fourier transform infrared (FTIR), '"H NMR and "*C NMR
spectroscopies. Gel permeation chromatography (GPC) and high-
resolution matrix-assisted laser desorption ionization time-of-
flight (HR MALDI-TOF) mass spectrometry were performed in
order to determine the molar mass and polydispersity index. Spe-
cial focus was given to the quantitative determination of vinyl end
groups using '*C NMR spectroscopy and HR MALDI-TOF mass
spectrometry. Michael addition reaction was followed via the com-
plete disappearance of vinyl end groups after network formation as
estimated based on FTIR and "C single pulse (SP) magic angle spin-
ning (MAS) NMR spectroscopic data. For the characterization of the
network structure and free dangling chain ends, 'H double-
quantum (DQ) NMR spectroscopy was employed. Finally, a hydro-
gel with potential biomedical applications was synthesized.

EXPERIMENTAL

Materials

CAL-B immobilized on an acrylic resin (Sigma-Aldrich, St Louis,
MO, USA), commercially known as Novozyme (N435), was dried
over phosphorus pentoxide (P,0s) at 4 °C for 24 h prior to use.
6-(Fmoc-Ahx) (98%) was purchased from Alfa Aesar (Kandel, Ger-
many). Divinyl adipate (DVA; stabilized with 4-methoxyphenol,
>99.0%) was purchased from TCl-Europe. Tetrahydrofuran (THF;
anhydrous, 99.5%) and dichloromethane (DCM; anhydrous,
99.9%) were purchased from Acros Organics (Schwerte, Germany).
P,Os (299%), 4-(dimethylamino)pyridine (DMAP), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI),
silica gel (SiO, 0.03-0.2 mm), dimethylsulfoxide (DMSO)-dg
(99.8%) and CDCl; (99.8%) were purchased from Carl Roth
(Karlsruhe, Germany). Glycerol (=99.5%), deuterium oxide (D,0O;
99.9%) and anhydrous DMSO were obtained from Sigma-Aldrich
(Steinheim, Germany). All chemicals were used as received without
further purification. All HPLC-grade solvents like THF, ethyl acetate,
tert-butylmethyl ether, diethyl ether and acetone were purchased
from Carl Roth (Karlsruhe, Germany).

Synthesis of PGA
PGA backbone was synthesized following the same procedure
described by Kallinteri et al.'” as shown in Scheme 1(A). Glycerol

and DVA were used in equimolar amounts in the presence of
CAL-B. The amounts used for this reaction were as follows: glyc-
erol (11 g, 120 mmol), DVA (23.8 g, 120 mmol), 23 mL of anhy-
drous THF and Novozyme (N435) (0.72 g, 2 wt% of the total
monomers mass). The reaction was carried out for 11 h at 50 °C.
At the end, the reaction was quenched by adding 50 mL of THF
at room temperature, followed by filtration in order to remove
the enzyme beads. The solvent was removed by rotary evapora-
tion at 60 °C under vacuum. The polymer was used for further
modification without any additional purification steps. The molar
mass of PGA was determined using GPC in THF as
M,, = 6000 g mol™" with a polydispersity index (PDI) of 1.8 and
using HR MALDI-TOF mass spectrometry as m/z 5696.65 g mol™"
with a repeat unit of m/z 202 g mol™". The "H NMR spectrum of
PGA is given in Fig. 1. "H NMR (400 MHz, CDCl5; 6, ppm): 5.26 (m,
1H), 5.10 (m, 1H), 4.37-3.9 (m, 6H), 3.60 (dd, J = 11.5, 6.2 Hz, 2H),
245-226 (m, 4H), 1.75-1.56 (m, 4H). IR (KBr; v, cm™"): 3470
((—OH)), 2953 (v,5(C—H)), 2875 (v(C—H)), 1726 (v(C=0)), 1646
(W(R—CH=CH,)), 1463 (6J(C—H)), 1392-1280 (C—H (w/)),
1264-1180 (v45(C—0—C)), 1144-1080 (v5(C—O—C)) and (C—H
(p)), 1075-1055 (6(—OH)), 982-800 (C—H (p)), 980, 733
(R—CH=CH, (»)).

Synthesis of PGA-g-6-(Fmoc-Ahx)

PGA with a molar mass M, of 6000 g mol™' was used for further
modification with 6-(Fmoc-Ahx) according to the procedure
described by Neises and Steglich,?? shown in Scheme 1(B). PGA
(1.5 g, 7.42 mmol) was dissolved in 20 mL of anhydrous DCM
and then charged into a 100 mL three-neck round-bottom flask.
The solution was cooled to 0 °C using an ice bath for 20 min. Then,
a weighed amount of 6-(Fmoc-Ahx) (15 mol% of all OH groups,
0.4 g, 1.13 mmol) was added. Thereafter, weighed amounts of
EDC-HCI (0.84 g, 4.4 mmol) and DMAP (40 mg, 0.33 mmol) were
dissolved in 10 mL of anhydrous DCM and added dropwise. Under
inert gas conditions, the reaction mixture was stirred for 24 h at
room temperature. The reaction solution was filtered and the fil-
trate was concentrated to a volume of 4 mL using a rotary evapo-
rator. The crude product was purified by silica gel column
chromatography using HPLC-grade ethyl acetate as an eluent, in
order to remove the unreacted 6-(Fmoc-Ahx), followed by HPLC-
grade acetone which contained the grafted polymer. The solvent
was removed using a rotary evaporator under reduced pressure.
Further purification was done by precipitation into cold diethyl
ether two times. After drying under vacuum at 35 °C, a slightly yel-
lowish and viscous product was obtained. Product yield was 84 wt
%. The molar mass of PGA-g-6-(Fmoc-Ahx) was calculated based
on degree of grafting (mol%) from the 'H NMR spectrum, given
in Fig. 5, as M,, = 7000 g mol™". The average molar mass of PGA-
g-6-(Fmoc-Ahx) was also estimated using HR MALDI-TOF mass
spectrometry as m/z 5739.72 g mol™" with a repeat unit of m/z
537.24 g mol™". The PDI was determined using GPC in THF to be
1.7. "H NMR (400 MHz, CDCls; 6, ppm): 7.75 (d, J = 7.5 Hz, 2H),
758 (d, J=74Hz 2H), 738 (t, J=7.5Hz 2H), 729 (t, /=74 Hz,
2H), 5.24 (g, J = 5 Hz, TH), 5.08 (q, J = 5 Hz, 1H), 4.38-3.58 (m,
9H), 3.71 (s, T1H), 3.17 (g, J = 6.8 Hz, 2H), 2.42-2.26 (m, 6H),
1.75-1.57 (m, 6H), 1.51 (s, 2H), 1.38-1.24 (m, 2H). IR (KBr; v,
cm™'): 3470 (L(—OH)), 3455 (L(—NH)), 2953 (v.(C—H)), 2875
(ws(C—H)), 1726 (W(C=0)), 1646 (1(R—CH=CH,)), 1535 (6—NH),
1452 (5(C—H)), 13841280 (C—H (w,7)), 1260-1180 (,5(C—O—C)),
1144-1075 (v(C—0—C) and (C—H (p)), 1075-1055 (6—OH)),
980, 733 (R—CH=CH; (y)), 762, 733 (=C—H (7).
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Scheme 1. Synthetic pathways for (a) PGA, (b) PGA-g-6-(Fmoc-Ahx), (c) deprotection of Fmoc groups and (d) aza-Michael addition byproduct and sche-
matic representation of PGA-based network. The black chains correspond to PGA backbone with vinyl end groups and the blue chains correspond to the
side chains that bear primary amine groups. A full presentation of PGA-based network structure is shown in the supporting information (Fig. S1).

Deprotection of Fmoc groups and network formation

Fmoc protecting groups were removed applying the same method as
described by Hock et al,? with a slight modification. PGA-g-6-(Fmoc-
Ahx) with a molar mass M,, of 7000 g mol™" (1 g, 1.86 mmol) was dis-
solved in 8 mL of anhydrous DMSO and the solution was agitated for
4 h at room temperature. To remove the formed byproduct, dibenzo-
fulvene and most of DMSO, the polymer solution was precipitated
twice into excess of cold tert-butylmethyl ether to yield amine-
functionalized PGA (Scheme 1(C)). After drying under nitrogen flow
for 30 min, 10 wt% of aza-Michael addition byproduct (sol content)
and 90 wt% of yellowish PGA-based network were obtained as shown
in Scheme 1(D). A schematic of the network is given in the supporting
information (Fig. S1). This process occurred according to a typical
Michael addition reaction since PGA has acceptor sites, i.e. vinyl end
groups, in addition to the primary amine groups along the repeat
units, which can act as aza-Michael donors. For network

characterization, the byproduct was dissolved again in DMSO and
extracted from the network. IR (KBr; z, cm™"): 3482 (v(—OH)), 3387
W(=NH)), 2941 (v,(C—H)), 2871 ((C—H)), 1737 @(C=0)), 1651
(6s(—NH,)), 1550 (8(N—H)), 1456 (5s(C—H)), 1385-1280 (C—H (w,7)),
1258-1170 (155(C—0—C)), 1144-1075 (v(C—O0—C) and (C—H (p)),
1142, 1059 ((C—N)), 759 (—NH, (@)). For 'H DQ measurements, the
network was swollen to equilibrium in DMSO-dg. In addition, the net-
work was swollen in D,O in order to obtain hydrogels.

Characterization
FTIR spectroscopy
FTIR measurements were performed with a Bruker Vector 22 FTIR
spectrometer at room temperature with 256 scans using dry KBr
for sample preparation. For all measurements, the sample con-
centration was 1.5 mg per 150 mg of KBr. FTIR spectral data were
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Figure 1. "H NMR spectrum of PGA in CDCl; at 27 °C. The three insets show expansions of the peaks corresponding to vinyl end groups.

interpreted using OMNIC 7.2 Spectra software. All FTIR spectra

were recorded in the range 400-4000 cm™".

NMR spectroscopy

Solution NMR spectra ("H NMR and '*C NMR) were recorded with
a VNMRS spectrometer operating at 400 MHz for 'H NMR and
100 MHz for '3C NMR at 27 °C, using an internal calibration stan-
dard, tetramethylsilane. Samples (ca 30 mg) were dissolved in
0.7 mL of deuterated solvents. The inversion-recovery method
was performed in order to obtain the quantitative '>*C NMR spec-
trum of PGA backbone by measuring the spin-lattice relaxation
time (T;). For this, PGA sample (ca 300 mg) was dissolved in
0.7 mL of CDCls. The NMR spectral data were interpreted using
MestRec (v.4.9.9.6) software (Mestrelab Research, Santiago de
Compostela, Spain).

13C MAS NMR spectroscopy

3C SP MAS experiments were performed with a Bruker
Avance 400 spectrometer at a frequency of 100.6 MHz, with
a standard Bruker 4 mm MAS probe. A MAS spinning fre-
quency of 10 kHz was applied in all experiments. Swollen
network samples (in DMSO-dg and D,0) were filled into a
Bruker Kel-F MAS insert,®* for liquid samples. The sample
temperature was controlled with a standard Bruker VT con-
troller and calibrated with methanol. The experimental tem-
perature was regulated to 30 °C. The '>C NMR #/2 pulse
length varied between 2.5 and 3.0 ps. The recycle delay
was set to 10 s for all samples.

"H DQ NMR measurements

"H DQ NMR experiments were run with a 200 MHz Bruker Avance
Il spectrometer using a static 5 mm Bruker probe with a short
dead time (2.5 ps). The temperature was controlled with a BVT-
3000 heating device with an accuracy of +1 °C and was set to
30 °C for all measurements. The 'H pulse length for the z/2 and
7 pulses was set to 3.0 and 6.0 ps, respectively. The sample was
swollen to equilibrium in DMSO-ds and D,0 at room temperature
and the NMR tubes were sealed. The swelling ratio of PGA-based
networks was measured after soaking the dried network in D,0
and in DMSO-dg at room temperature for 24 h. The swelling ratio
(Q) can be calculated as follows:

ms—myqy
= ma

Q

where mg is the mass of swollen network and mq represents the
mass of dry network. The swelling ratio of PGA-based networks in
D,0 and in DMSO-dg was 4.8 and 8.5, respectively.

GPC measurements

GPC measurements for PGA and PGA-g-6-(Fmoc-Ahx) were per-
formed with a Viscotek GPC max VE 2002 using HHRH Guard-
17360 and GMHH-N-18055 columns and refractive index detector
(VE 3580, Viscotek). THF was used as mobile phase in a thermo-
statically controlled column at 25 °C. For both samples, the con-
centration was 3 mg mL™", and the flow rate was 1 mL min™".
The calibration standard for both measurements was polystyrene.
The data were analyzed using Origin 8 software.

MALDI-TOF mass spectrometry

The HR MALDI-TOF mass spectra were recorded with a REFLEX-
TOF mass spectrometer (Bruker Daltonik GmbH, Bremen),
equipped with a 337 nm nitrogen laser, which was operated at a
pulse frequency of 3 Hz. The ions were accelerated using pulsed
ion extraction after a delay of 50 ns by a voltage of 28.5 kV. The
analyzer was operated in HR reflectron mode, and generated ions
were detected with a microchannel plate detector. For calibration
of the mass spectrometer, a polystyrene standard was used. The
sample preparation for the recorded HR mass spectra was carried
out by mixing of the samples (PGA and PGA-g-6-(Fmoc-Ahx)) with
a suitable matrix, namely 2-[(2E)-3-(4-tert-butylphenyl)-2-methyl-
prop-2-enylidene]malononitrile (DCTB), in a ratio of 1:1000 in
THF. For preparing the sample, a stock solution of 10 mg mL™"
DCTB in THF and 10 pg mL™' sample in the same solvent were
used. Before the measurement, the prepared sample was crystal-
lized on a stainless steel target. The resulting mass spectra were
smoothed, and baseline-corrected with the XMASS data proces-
sing program (Bruker). mMass was used to evaluate the spectra.
In a mass spectrum, the vertical y-axis represents the peak inten-
sity (abundance of ions) and the horizontal x-axis represents the
mass-to-charge ratio of the ions (m/z). The molar mass of the ion-
ized molecule was determined by the value of m/z (z = 1).
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RESULTS AND DISCUSSION

Enzymatic polymerization and grafting of PGA with
6-(Fmoc-Ahx) side chains
Enzymatic synthesis of PGA backbone can be achieved through
transesterification reaction between glycerol and DVA in the pres-
ence of CAL-B. Although vinyl esters are considered to be more
costly than alkyl esters (see supporting information), they are par-
ticularly suitable monomers for this synthesis as vinyl alcohol is
released as a byproduct and tautomerizes promptly into acetalde-
hyde which can be removed easily at the reaction temperature
making the reaction irreversible.>?® Thus, polymers with high
molar mass are obtained. Compared to the use of dimethyl adi-
pate instead of DVA in PGA synthesis, polymers with lower molar
mass are produced.?’ Figure 1 presents the "H NMR spectrum of
PGA synthesized from glycerol and DVA with peak assignments.
Analysis of the "H NMR spectrum shows characteristic signals of
PGA, i.e. the methylene and methine proton signals, correspond-
ing to the substituted glyceride and adipate units. Since the
enzyme active site contains bound water molecules, which are
crucial for enzyme activation, most vinyl end groups are hydro-
lyzed into carboxylic acid end groups during the polymerization
reaction,® and some remain and can be recognized as three sig-
nals in the "H NMR spectrum at 7.29, 4.86 and 4.56 ppm as shown
in the insets of Fig. 1. The methylene protons of vinyl end groups,
labelled as (m), show two doublet of doublets at 4.86 and
4.56 ppm due to the unequal proton-proton coupling constants.
Although the enzyme shows high reactivity towards primary
hydroxyl groups rather than secondary ones, some lack of enzyme
regioselectivity is observed by the presence of several methine
proton signals.2® Kline et al.3° reported the high reactivity of lipase
towards primary OH groups (ca 95%) compared to secondary
ones at 50 °C. These investigations explain the formation of differ-
ently substituted glyceride units, i.e. 1,2-disubstituted and
1,2,3-trisubstituted  glyceride  units in  addition to
1,3-disubstituted and 1-substituted glyceride units that would

0
S AMLAAR o om
OH (0]

PGA

occur in the case of perfect enzyme regioselectivity towards pri-
mary OH groups. Similarly, our group has determined the regios-
electivity of acylation of lipase toward primary OH groups as 96%
in relation to secondary OH groups, which is highly dependent on
the reaction temperature.®’ Additionally, PGA was analyzed using
'3C NMR spectroscopy. The spectrum reveals two signals at 141.2
and 97.9 ppm arising from vinyl end groups as can be seen in the
inset of Fig. 2. The percentage of vinyl end groups was calculated
quantitatively by the ratio of integrals between the adipate repeat
unit carbons ([a = 2) and vinyl carbons at 97.9 ppm (/m = 0.08) to
be estimated as 8% of the total end groups.

The molar mass and PDI of PGA were determined using GPC
with THF as an eluent and polystyrene as calibration standard.
The GPC traces are shown in the supporting information
(Fig. S2). Along with GPC measurements, PGA was further ana-
lyzed using HR MALDI-TOF mass spectrometry in order to deter-
mine the absolute molar mass distribution. Figure 3 shows a
representative HR MALDI-TOF mass spectrum of PGA molar mass
distribution extending from m/z 4500 to m/z 7000, with a central
intense peak at m/z 5696.65, which corresponds to the average
molar mass of PGA. The HR MALDI-TOF mass spectrum is charac-
terized by a number of peaks separated by regular intervals of m/z
202, which is the expected molar mass of PGA repeat units. This
confirms the predominant linearity of PGA. The expanded view
of the spectrum in the mass range m/z 5875-6050 reveals the
presence of several series of peaks that can be assigned to differ-
ent end groups of PGA chains, i.e. hydroxyl (OH) + H (18 + 202n),
hydroxyl (OH) + vinyl (CH=CH,) (44 + 202n), adipate part + H
(129 + 202n) and glycerol part + H (92 + 202n) terminated poly-
mer chains wherein n is the number of repeat units per polymer
chain. The highest intensity peak at m/z 5916.70 contains
hydroxyl (OH) + H terminated polymer chains, which is in agree-
ment with the PGA synthesis mechanism.

In the second step, side chains terminated with protected amine
groups were introduced to the PGA backbone via Steglich

CHClL,

f,g,h
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Figure 2. Quantitative '>C NMR spectrum of PGA synthesized from DVA and glycerol in CDCl; at 27 °C. The inset shows an expansion of the peaks cor-

responding to vinyl end groups.
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Figure 3. HR MALDI-TOF mass spectrum of PGA, using DCTB as a matrix. The molar mass of the repeat unit is 202 g mol™". The expanded view of the m/z

5875-6050 region (right) shows different types of PGA end groups.

esterification between the secondary hydroxyl groups on PGA
backbone and 6-(Fmoc-Ahx) with the help of DMAP as a catalyst
and EDC-HCI as a coupling agent, as shown in Scheme 1(B). In
addition, an excess of EDC-HC| was applied as a drying agent.
The GPC traces, shown in the supporting information (Fig. S2),
indicate that the grafted polymer has a higher molar mass than
the unmodified PGA, indicating the successful acylation reaction.
The molar mass and PDI of PGA and PGA-g-6-(Fmoc-Ahx) are
given in the supporting information (Table S1). In addition to
GPC measurements, PGA-g-6-(Fmoc-Ahx) was also investigated
using HR MALDI-TOF mass spectrometry to determine the molar
mass of the new repeat unit after modification. Figure 4 illustrates
a full HR MALDI-TOF mass spectrum of the PGA-g-6-(Fmoc-Ahx)
distribution in the range from m/z 4600 to m/z 7400. The
expanded view in the mass range m/z 5000-6750 in Fig. 4 shows
the appearance of new peaks separated from the central intense
peak by intervals of m/z 537.24 due to the introduction of
6-(Fmoc-Ahx) side chains.

The chemical structure of PGA-g-6-(Fmoc-Ahx) was further con-
firmed using '"H NMR and '*C NMR spectroscopy. The '*C NMR
spectrum is given in the supporting information (Fig. $3). The 'H
NMR spectrum of PGA-g-6-(Fmoc-Ahx) is shown in Fig. 5. Analysis
of the "H NMR spectrum reveals the presence of proton signals,
labelled with (n, o, p, g and r), which belong to the methylene pro-
tons of 6-(Fmoc-Ahx) side chains. The resonance of Fmoc
(RNHC=O0) proton, labelled with (s), appears as a weak and broad
signal at 3.6 ppm. The resonance of aromatic rings labelled with
(u, v, w, x and y), and the peak labelled with (t), reflect the protons
of the Fmoc protecting group. The degree of grafting of OH
groups of PGA is determined quantitatively using selective known
peak integration represented in the corresponding "H NMR spec-
trum. From the integrals of peaks (a) in the polymer backbone and
(g) in the side chain, the degree of grafting (g) is calculated as
12 mol% with respect to all OH groups of the polymer backbone
(where a theoretical value of 15 mol% grafting was used in the
feed composition). The molar mass calculations are based on

100 -7
57.139.72

Intensity %

I .

0 T T T T T
5000 5500 6000 6500 7000 S

5335.58

T : : T
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Mass (m/z)

Figure 4. HR MALDI-TOF mass spectrum of PGA-g-6-(Fmoc-Ahx), using DCTB as a matrix. The expanded view in the mass range m/z 5000-6750 (right)

shows the molar mass of the new repeat unit as 537.24 g mol~".
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Figure 5. "H NMR spectrum of PGA-g-6-(Fmoc-Ahx) in CDCl; at 27 °C.

x to y ratio (given in the chemical structure of Fig. 5). Since
y + x = 100%, it follows that y = 88% and x = g = 12 mol%.
Accordingly, the molar mass is calculated as 7000 g mol™".

A comparison between the FTIR spectra of PGA and PGA-g-
6-(Fmoc-Ahx) is shown in Fig. 6. For PGA, all major peaks are
assigned. For instance, the spectrum shows a broad and strong
peak for the hydroxyl (—OH) stretching band at 3470 cm™' as a
result of hydrogen bonds, C—H alkyl stretching bands between
2953 and 2875cm™', carbonyl (C=0) stretching band at
1726 cm™" of the ester groups, vinyl end group stretching band
at 1646 cm™', C—H bending between 1463 and 1392 cm™’, and
C—0—C stretching bands between 1264 and 1055 cm™".

After modification of PGA with 6-(Fmoc-Ahx), the stretching
bands of —OH, C—H and C=0 are observed at the same wave-
number. The presence of (RNHC=O) stretching band at
3455 cm™' which is overlapped with (—OH) stretching band,
C—H (aromatic) bands at 762 and 743 cm™" and amide Il (—NH)
bending band at 1535 cm™' confirms the formation of PGA-g-
6-(Fmoc-Ahx). Since the modification of PGA with 6-(Fmoc-Ahx)

1001\ Wi ) N A A
WV i) A\
8 | h ! Vinyl end l W J ) j
5 60; groups W\
= | PGA-g-6-(Fmoc-Ahx) U .
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Wavenumbers (cm™)

Figure 6. FTIR spectra of PGA and PGA-g-6-(Fmoc-Ahx) at room tempera-
ture. For PGA: (a) OH stretching, v(—OH), (b) C—H asymmetric stretching,
Vas(C—H), () C—H symmetric stretching, v5(C—H), (d) C=0 stretching,
1(C=0), (e) C—H scissoring bending, 6,(C—H), (f) C—H wagging and twist-
ing, C—H (w, 7), (g9 C—O—C asymmetric and symmetric stretching,
Vas,s(C—O0—C). For PGA-g-6-(Fmoc-Ahx): (h) —NH stretching, v(—NH),
(i) amide Il bending, 5(—NH) and (j) =CH out-of-plane bending, =CH (y).

w5 8 g =39
SV S . ol '\O r eg_c r
45 40 35 30 25 20 15 1.0

is only 12 mol%, i.e. x = g = 12 mol% with respect to all OH groups
of the polymer backbone, it can be observed that the stretching
bands of (C—H) alkyl chains and (C=0) carbonyl of the ester
groups become slightly sharper after this modification.

Deprotection of Fmoc protecting group

A mild method for the cleavage of Fmoc protecting group was
applied under base-free conditions. This reaction was conducted
in anhydrous DMSO and at room temperature, which resulted in
a quantitative cleavage of Fmoc groups.?® The cleavage process
was monitored by increasing the olefin signal of the formed
byproduct, dibenzofulvene, which appears in the 'H NMR spec-
trum as singlet at 6.21 ppm, with the aromatic signals in the range
7-8 ppm. The monitoring process of Fmoc cleavage was carried
out in an NMR tube using deuterated DMSO. The '"H NMR spec-
trum is given in the supporting information (Fig. S4).

Network characterization

FTIR spectroscopy

PGA is a hydrophilic but water-insoluble linear polyester termi-
nated with different end groups. Among them, some electron-
deficient alkenes represent proper aza-Michael acceptors and
can be involved in a nucleophilic addition reaction with free pri-
mary amines (aza-Michael donors),>*¢ to produce a hydrophilic
polymer network under mild conditions. FTIR spectroscopy was
used to investigate the network formation. Figure 7 depicts the
FTIR spectrum of the PGA-based network, the structure of which
is shown in Scheme 1(D). The complete disappearance of vinyl
end group vibration band at 1646 cm™' after deprotection reac-
tion and the appearance of C—N vibration band indicate the suc-
cessful addition reaction of primary amines to vinyl end groups of
the PGA backbone. In addition, the carbonyl C=0 stretching band
of the ester groups shifts to a higher wavenumber (1737 cm™")
due to electronegativity changes as all vinyl end groups disap-
pear.®” The presence of secondary and tertiary amine bands at
1556 and 1059 cm™', respectively, represents the aza-Michael
mono- and bis-addition products. The presence of primary amine
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Figure 7. FTIR spectrum of PGA-based network at room temperature.
Assignments (cm™"): 3387 u(—NH), 1737 1(C=0), 1651 §((—NH,), 1550 &
(—NH), 1142, 1059 v(C—N), 759 —NH, (w). The spectrum shows the disap-
pearance of vinyl end group vibration at 1646 cm™' after deprotection
reaction and the appearance of (—NHy) vibration band.

(—NH,) vibration bands explains that some free amine groups
were not involved in the addition reaction.

13C SP MAS spectra

13C SP MAS NMR measurements were performed in order to con-
firm the network structure. Figure 8 shows the '*C SP MAS spec-
trum of PGA-based network in DMSO-dg. It is clearly visible that
after network formation, there is no resonance arising from vinyl
end groups in the regions of 141.2 and 97.9 ppm (shown in the
inset of Fig. 8), which is in complete agreement with the FTIR
results (Fig. 7).

Since the spectrum is well resolved, it is possible to determine the
degree of grafting with 6-(Fmoc-Ahx) side chains. Therefore, the res-
onances labelled as (a), (b) and the carbonyl signal ((=0) which
belong to the polymer backbone and the resonance labelled as
(g) which is assigned to the side chain were integrated. All integra-
tion values and detailed calculations can be found in the supporting
information. The degree of grafting represents the amount of the
modified monomers x with 6-(Fmoc-Ahx) side chains. The degree
of grafting is calculated as x = g = (9.8 + 5.0) mol% with respect to
OH groups that corresponds well with the results of solution NMR
spectroscopy. The "3C SP MAS spectrum of PGA-based network after
swelling in D,0 is given in the supporting information (Fig. S5).

13C SP MAS NMR measurements together with FTIR results
clearly demonstrate that the possibility of amine groups reacting
with ester groups via amide formation is not relevant in our sys-
tem. Since the reaction was carried out under mild conditions, it
guarantees the stability of PGA.

y
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"H DQ NMR spectroscopy

The "H DQ NMR experiment>® provides information about the
structure, defects and dynamics of polymer networks.*? This
method is able to describe systems with well-defined topol-
ogy as well as systems with randomly distributed loop
lengths.*%*!

In the first step, the isotropically mobile uncoupled compo-
nents, the so-called tails, are removed from the DQ signal.
Figure 9(a) shows the procedure of the tail determination. Two
components with significantly different decay times = could be
identified. The component with the slow decay is assigned to
the mobile tail, i.e. the mobile solvent molecules (non-deuterated
solvent ca 13% of water, due to the hydrophilicity of the polymer
backbone). The fast decaying component with 7% intensity corre-
sponds to network defects such as loops and dangling chains,
which are elastically inactive and do not contribute to the network
structure. After subtraction of the two tail fractions and renorma-
lization of the DQ data, the residual coupling constants (RDCs),
Dyes, Can be estimated.>®

Since the grafted side chains are randomly distributed along
the polymer backbone, this can result in different mesh sizes,
which means that the RDCs will also have a wide distribution
according to the equation Dyes ~ M. ™', where M, is the chain
molar mass between crosslinks or entanglements. In addition,
the swollen elastomers always exhibit a broad D, distribu-
tion, which is caused by inhomogeneous swelling and the
resulting variations in local chain stretching.*> The DQ data
were directly evaluated with the help of a simultaneous fitting
procedure:

Ispalroa)=exp{ ~(r0a/7)" }

Inq(7pq)

= ‘ 100(700, Dres)P(Dres, 6)dDres = | = [1—exp{—(0.378-Dyeszpq) ' }
0

"J"1
2
0

cos(o.ssso,estQ)]exp{—(TDQ/T)" }p(D,es,a)dDres

Fitting parameters are the time constant z, which corresponds
to the characteristic decay time T,", the exponent g of the
Kohlrausch-Williams-Watts function, the RDC D, and the width
of the log-normal distribution 6. In the given formula, a log-
normal distribution was used.

DMSO

Kel-F insert

0 140 130 120 110 100 90 80

T
175 170 8

Figure 8. '3C SP MAS NMR spectrum of network swollen to equilibrium in DMSO-ds measured at 30 °C. The inset shows the spectrum in the range 80 to
150 ppm. The broad signal corresponds to the sample insert,** but no vinyl resonances are present at 141.2 and 97.9 ppm.
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Figure 9. (a) Procedure of tail determination for the network, swollen to equilibrium in DMSO-ds. The red line represents the bi-exponential fit to the
Iref — Ipq intensity. The dashed line represents the mobile tail fraction. The fitting parameters are given in the inset. The fitting area begins at short time
where the DQ intensity is already decayed and only a signal from the reference is present. (b) Simultaneous multicomponent fitting to the sum and DQ
intensity after tail subtraction of the swollen-to-equilibrium network sample. The inset shows the fitting parameters. The component fractions f are given

without taking into account the network tail of 7%.

According to the results in Fig. 9(b), we found two components
arising from the elastic network structure. A comparison between
the simultaneous fit with one and two network components in
DMSO-d, is shown in the supporting information (Fig. S6(a)).
These components are well separated due to the different relaxa-
tion times 7z and dipolar coupling constants D,e. Since the
strength of the dipolar coupling decreases with increasing length
of the network segment,**** we can conclude that the first com-
ponent with the larger coupling constant is the smallest possible
mesh size. The second component represents larger mesh sizes
and entanglements that make up the network. Taking the net-
work tail into account, the composition of the sample is as follows:
strongly coupled network component of 39%, weakly coupled
network component of 54%, network defects of 7%. The existence
of two well-distinguishable network components as well as the
large distribution widths o of the RDC indicate an inhomogeneous
network structure, for example areas of high and low polymer
concentration. The "H DQ NMR data and the comparison between
the simultaneous fit with one and two network components in
D,0 are shown in the supporting information (Figs S7 and S6(b),
respectively). Table S2 (supporting information) summarizes the
results of the "H DQ NMR data of PGA-based networks in DMSO-
d6 and D20

To summarize, from the *C SP MAS data it was possible to
determine the degree of grafting of the modified PGA as (9.8
+ 5) mol%. This corresponds to the value calculated from solution
"H NMR spectroscopy. With the help of the "H DQ NMR measure-
ments, the structure of the networks could be determined. Two

y—

o A

Figure 10. Appearance of PGA-based hydrogels.

components with different RDC and large distribution widths
were detected.

CONCLUSIONS

We present a simple and catalyst-free approach towards the one-
pot synthesis of polymer networks based on a biodegradable and
biocompatible polyester, PGA. Initially, the lipase-catalyzed trans-
esterification reaction between glycerol and DVA resulted in a
hydrophilic polyester carrying a,f-unsaturated (vinyl) end groups
that acted as aza-Michael acceptors. In the next step, the pendant
hydroxyl groups on the PGA backbone were partially modified by
introducing protected amine-terminated side groups and the
degree of grafting was calculated to be 10 mol% of total OH
groups. It should be noted that grafting with non-protected
amino acid leads to immediate but not well-defined network for-
mation. The use of Fmoc as a protecting group offered the oppor-
tunity to generate a well-defined network in the final synthesis
step. Subsequent removal of Fmoc protecting groups produced
a modified PGA with side chains terminated with primary amine
groups that served as aza-Michael donors resulting in polymer
gelation and formation of a well-defined and hydrophilic network
under mild reaction conditions in DMSO.

FTIR and "3C MAS NMR spectroscopic measurements confirm
the network formation by the complete disappearance of vinyl
end groups and the appearance of C—N bonds accordingly. Net-
work heterogeneity and defects were determined using 'H DQ
NMR spectroscopy in DMSO-ds, which reveals that two compo-
nents form the elastic network structure, a strongly coupled net-
work component of 39% and a weakly coupled network
component of 54% with network defects of 7%. Besides, it was
possible to perform the measurements in D,O by removing DMSO
from the synthesized networks and re-swelling in D,0. *C MAS
NMR and "H DQ NMR data of PGA-based networks in D,O are pre-
sented in the supporting information that explain the presence of
network components with lower coupling constant and shorter
relaxation time comparing with the results obtained in DMSO-d,
due to the poor water insolubility of the polymer backbone.

Figure 10 shows images of PGA-based hydrogels. It can be seen
that the sample shows a high tack, which makes it suitable for typ-
ical pharmaceutical applications of hydrogels in combination with
wet tissues. The tack properties of PGA-based hydrogels together
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with their biodegradability mean that they could have significant
applications as barrier to prevent postoperative adhesions that
may cause medical complications.*®

Finally, the present protocol exhibits some significant benefits
as being operationally simple, mild and catalyst-free, making it a
promising approach for the synthesis of polyester-based net-
works with good water uptake capacity, which can be used for
potential pharmaceutical applications such as carriers for sus-
tained release of hydrophilic drugs*® and biodegradable implants
for controlled drug delivery.*’
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