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A Single Amino Acid Able to Promote High-Temperature
Ring-Opening Polymerization by Dual Activation

Elena Gabirondo, Katarzyna Swiderek, Edurne Marin, Ainhoa Maiz-Iginitz,
Aitor Larranaga, Vicent Moliner, Agustin Etxeberria, and Haritz Sardon*

Amino acids are indispensable compounds in the body, performing several
biological processes that enable proper functioning. In this work, it is
demonstrated that a single amino acid, taurine, is also able to promote the
ring-opening polymerization (ROP) of several cyclic monomers under
industrially relevant conditions. It is shown that the unique zwitterionic
structure of taurine, where the negatively charged sulfonic acid group and the
protonated amine group are separated by two methylene groups, not only
provides high thermal stability but also leads to a dual activation mechanism,
which is corroborated by quantum mechanical calculations. This unique
mechanism allows for the synthesis of polylactide of up to 50 kDa in bulk at
180 °C with good end-group fidelity using a highly abundant catalyst.
Furthermore, cytotoxicity tests confirm that PLLA synthesized with taurine is
non-toxic. Moreover, it is demonstrated that the presence of taurine does not
have any detrimental effect on the thermal stability of polylactide, and
therefore polymers can be used directly without any post-polymerization
purification. It is believed that the demonstration that a simple structure
composed of a single amino acid can promote polymerization can bring a
paradigm shift in the preparation of polymers.

operating conditions in terms of pressure,
time, and/or temperature, with consequent
energy savings. Finding new and better
catalysts is therefore of great importance
in order to reduce the carbon footprint of
polymer products.[?] Traditionally biocatal-
ysis and metal-catalysis have been primarily
used in industrial systems, but over the last
20 years organocatalytic methods, which
make use of low-molecular-weight organic
catalysts, have been developed that can be
as efficient and selective as metal- and bio-
catalytic pathways.[>-¢

The main benefit of organocatalysts as
compared to organometallic catalysts re-
sides in their versatility, high selectivity,
and the possibility of purification or re-
covery of the catalyst from the final poly-
mer. However, to date, the majority of in-
dustrial processes are based on metal cat-
alysts such as tin (II) octoate and titanium
(IV) tetrabutoxide.l’! In some applications,
the use of certain metals such as tin is
problematic due to strict regulations that

1. Introduction

Although catalysts are typically used in relatively small quan-
tities in the manufacture of polymers, they are a key compo-
nent that enables the design of energy-efficient polymerization
processes. The use of catalysis makes it possible to improve

restrict their use in several products, and alternatives that are
less toxic and more biocompatible are desired. While the use of
organocatalysts can mitigate some of these drawbacks, in some
industrial processes such as the Ring-Opening Polymerization
of L-Lactide or the step-growth polymerization of poly(ethylene
terephthalate) elevated temperatures are usually employed to im-
prove the polymerization kinetics.
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Figure 1. Taurine, is a naturally occurring catalyst for high-temperature ring-opening polymerizations.

As many organic compounds possess relatively poor thermal
stability, high temperatures can lead to the degradation of the cat-
alyst during polymerization. Our group, among others, has re-
cently demonstrated that one strategy to address these thermal
stability issues is the use of organocatalysts based on hydrogen
bond donor-acceptor adducts.®1*l These catalysts have recently
been proven to be stable and active at elevated temperatures, in
some cases at temperatures close to 400 °C. Using this concept,
the ring-opening polymerization (ROP) of L-Lactide (L-LA) at el-
evated temperatures as well as some polycondensation reactions
have been performed with great success.[1>718]

As improved thermal stability is mainly the result of strong
ionic interactions, sulfonic acids tend to provide higher thermal
stability.[®1820] However, commercially available sulfonic acids
such as methanesulfonic acid (MSA) have some important lim-
itations including their relatively high toxicity, which prevents
their use in applications related to the food industry,*!l and/or
the need to use an inert atmosphere due to their strong interac-
tion with water. One common approach to mitigate the toxicity
issues is to replace synthetic organocatalysts with naturally oc-
curring catalysts with similar functions. For instance, Guo et al.
have found that by using a saccharin-based catalytic system the
ROP of L-LA could be promoted.??] Similarly, Coulembier et al.
investigated the use of naturally occurring ammonium betaines
for the ROP of L-LA and cyclic carbonates at room temperature in
solution, obtaining rapid polymerizations.[*] While several nat-
urally occurring catalysts have been investigated, as far as we are
aware none of them are competitive in terms of performance with
other non-natural organocatalysts and their ability to operate effi-
ciently in industrially relevant polymerization conditions has not
been explored (Figure 1a,b).

Among the bio compounds with a sulfonic group in their
structure, in this work, we look at the use of taurine (2-
aminoethanesulfonic acid). This compound is present in the tis-
sues of humans and animals, thus demonstrating its high bio-
compatibility. Taurine has several functions in the human body
including its involvement in osmoregulation, and its behavior as
an antioxidant and immunomodulator. It is also thought that tau-
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rine acts as a neuroprotector, as itis one of the most abundant free
amino acids in the brain.?*?3] Very recently, the ability of taurine
as a green bio-organic catalyst in the promotion of some organic
transformations such as the Knoevenagel condensation between
aromatic aldehydes and malononitrile has been demonstrated.!¢]
Taurine acts as a bifunctional donor—acceptor reagent in which
the carbonyl site of L-lactide is activated by taurine and then at-
tacked by the negatively activated alcohol group of benzyl alcohol
(Figure 1c).

In this work, we investigate the use of taurine for the high-
temperature polymerization of cyclic esters, with a particular fo-
cus on the homopolymerization of L-lactide (Figure 1d). We ini-
tially hypothesized that despite the presence of the highly nucle-
ophilic primary amine, this compound could potentially be a suit-
able catalyst as taurine only exists in the form of zwitterion even
in water. Furthermore, due to its conformational arrangement, it
was thought that taurine would present comparable thermal sta-
bility to other donor—acceptor type catalysts, such as MSA-based
salts. To corroborate our initial hypothesis we first compare the
efficiency of taurine to the highly efficient catalyst formed by
the mixture of 4-(dimethylamino)-pyridine (DMAP) and MSA,
DMAP:MSA, in the bulk polymerization of lactide.l”-?°] After
demonstrating the comparable behavior of taurine with respect
to DMAP:MSA, we provide some experimental and theoretical
evidence of the dual activation mechanism of taurine. We also
evaluate the potential of taurine to mediate other types of ROP
processes and its potential to mediate the preparation of block
copolymers. Finally, we explore the toxicity of taurine and com-
pare it to alternative acidic and basic organocatalysts.

2. Results and Discussion

2.1. Screening of Taurine as a Catalyst for the ROP of L-LA

Although previous work demonstrating the potential use of
amino acid derivatives as catalysts for polymerization reactions
has been reported, in all cases the attained results have not
been competitive when compared to polymerizations involving
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Figure 2. Comparison between DMAP:MSA (1:2) and taurine. a) TGA analysis, b) M,, evolution (solid squares) and the dispersity (non-solid squares)
of the polymerization, c) MALDI-TOF analysis, d) DSC analysis, and e) *C NMR spectrum and P,, values. Results obtained with DMAP:MSA (1:2) are

shown in red while those with taurine are in blue.

non-natural catalysts.[233%31 In order to evaluate the potential of
taurine as an activator for the bulk ROP of lactide, we first eval-
uated the thermal stability of taurine by thermogravimetric anal-
ysis (TGA), and the results were compared to the DMAP:MSA
base—acid mixture that has previously been shown to be an
efficient catalyst for the ROP of L-LA at high temperatures
(Figure 2a). Taurine showed excellent thermal stability and was
stable up to 250-300 °C, thus displaying improved stability when
compared to DMAP:MSA, which started degrading at 200 °C.
Taking advantage of the high thermal stability, we explored the

Adv. Sci. 2024, 11, 2308956

role of taurine as an activator for the bulk ROP of L-lactide at
180 °C (Figure 1d and Table 1). 5 mol.% of taurine was mixed
with benzyl alcohol (BnOH) and L-LA to obtain target DP values
(ILA],/[BnOH],) between 50 and 400, as shown in Table 1.

This procedure led to controlled ROP of L-LA to af-
ford poly(lactides) (PLAs) with molecular weights that con-
form to those predicted theoretically (M, ,,) from the ratio
[LA],/[BnOH], and the measured conversion. Moreover, the
molecular weight distribution in all cases was narrow (b = 1.1-
1.2) suggesting a living-like polymerization process and a lack of

2308956 (3 of 10) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Conditions and results for the ring-opening polymerization of L-lactide in bulk, initiated with benzyl alcohol.

Entry Catalyst [LA]o/[BnOH], Temp. [°C] Time [h] Conv. [%] M, theo [ Mol™'] M, sec [g mol™']?) b T, [°C
1 DMAP:MSA 50 180 1 98 7200 9000 1.2 -

2 Taurine 50 180 4 99 7200 7000 1.1 137.6
3 Taurine 50 160 48 98 7200 6900 1.1 148.3
4 Taurine 50 130 96 95 7200 6500 1.1 140.8
5 Taurine 100 180 7 98 14 200 14 100 1.1 -
6 Taurine 150 180 10 97 21000 20 500 1.2 -
7 Taurine 400 180 24 97 56 000 50 400 1.2 -
8b) Taurine 50 180 4 98 5700 7200 1.2 -
99 Taurine 50 180 4 94 5100 5300 13 -
10 Tin octoate 50 180 3 99 7200 7500 12 152.3

? Determined by SEC in THF with polystyrene standards and correction factors; P ROP of e-caprolactone; 9ropP of trimethylene carbonate.

transesterification. In order to corroborate both the living charac-
ter and the lack of transesterification, the molecular weight and
dispersity evolution were examined (Figure 2b). A linear trend of
M, sgc With conversion was observed, confirming a living poly-
merization character in the presence of taurine. Finally, MALDI-
TOF analysis was performed to demonstrate the end-group fi-
delity (Figure 2c). The separation of the peaks was 72 m/z, which
corresponds to the lactyl unit of the lactide, with two different sig-
nals, the polymer chain plus Na* and the polymer chain plus H*
with no signals present that could be attributed to direct initia-
tion by taurine. While the molecular weights are predictable, the
separation of 72 m/z between peaks could indicate the formation
of PLA cycles by back-biting reaction or some transesterification
reactions.[*!] In conclusion, it could be confirmed that the poly-
merization of L-LA by taurine is a controlled polymerization and
the behavior is similar to that when using DMAP:MSA catalyst.

One of the challenges in the ROP of L-LA is to avoid side
reactions such as transesterification and epimerization which
leads to non-stereoregular PLA. The control of the polymer mi-
crostructure is of great importance since it affects the mechan-
ical and thermal properties of the obtained PLA. In order to
evaluate if taurine could provide the same degree of control of
DMAP:MSA BC NMR, DSC, and SEC were performed for dif-
ferent polymerization degrees (50, 100, 150, and 400) at 180 °C
in bulk (Figure 2d; Figure S1, Supporting Information). Anal-
ysis of the resulting poly(L-lactide) by *C NMR and DSC re-
vealed the presence of atactic sequences and a melting point
of 138 °C only in the case of DP = 50 (Figure 2d,e). The rest
of the polymers with higher DP values were completely amor-
phous (Table 1, entries 5, 6, and 7; Figure S1, Supporting Infor-
mation). It should be pointed out that these values surpassed the
behavior of DMAP:MSA but were not sufficiently good to provide
PLLA with decent crystallinity degrees. Tin octoate, an industri-
ally used metal-based catalyst, was also tried, with similar molec-
ular weights and dispersities observed, but with an increase in
Tm up to 152.3 °C (Table 1, entry 10; Figure S2, Supporting In-
formation).

In our previous studies, we have shown that temperature could
play a major role in the preparation of isotactic PLA.'8) Indeed,
when performing the ROP of L-LA at temperatures lower than
160 °C, the polymerization led to semicrystalline PLA (Figure 3a),
confirming the reduction of epimerization at lower reaction tem-
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peratures. These results are in good agreement with the result
observed in the *C NMR analysis where it is seen that there
is a reduction of epimerization with the reduction in tempera-
ture (Figure 3b). Further decrease of temperature to 130 °C did
not provide any improvement in the crystallization of PLA. We
speculate that high activation energies (as later supported by the
computational studies) prevented reaching the desired molecular
weight, thus resulting in a decrease in the melting temperature
(from 148.3 in entry 3 to 140.8 °C in entry 4). From all these re-
sults it could be concluded that taurine is an effective catalyst for
the synthesis of PLA by ROP of L-LA. In order to evaluate if the
specific structure of taurine is important or if it is sufficient to
have a salt based on a sulfonic acid and a primary amine to me-
diate the polymerization of L-LA, we decided to perform a model
reaction using methanesulfonic acid:butylamine salt. Unfortu-
nately, by using this salt the ROP of L-LA resulted in a very low
molecular weight PLA polymer. 'H NMR spectroscopy showed
that butylamine was also acting as an initiator in the polymer-
ization (Figure S3, Supporting Information). Similarly, two uni-
molecular acid-base compounds, L-proline and creatine were also
used for the polymerization of L-LA (Figure S4, Supporting In-
formation). SEC curves indicated that the Mn of the PLA synthe-
sized by the use of two catalysts was lower than expected. In order
to confirm the initiator character they were mixed with L-Lactide
without the addition of an extra initiator and the initiation medi-
ated by the L-proline as creatine was verified by 'H NMR spectra
(Figure S4, Supporting Information).

2.2. In Silico Investigation of the ROP of the L-LA Mechanism

For the understanding of the mechanism of the polymerization
of L-LA by taurine, *C NMR study was carried out by putting in
contact L-LA and taurine for one side and BnOH and taurine for
the other side (Figures S5 and S6, Supporting Information). In
the case of BnOH and taurine (Figure S6, Supporting Informa-
tion), it was observed that the signals were shifting, indicating an
interaction between them, however, there was no observed inter-
action between L-LA and taurine (Figure S5, Supporting Informa-
tion). We believe that this interaction could be more pronounced
at elevated temperatures and in solvent-free conditions.

2308956 (4 0f10) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Comparison of the crystallinity of PLA synthesized using different temperatures by a) DSC analysis, b) *C NMR and P,, values, and c) image

of the final polymer.

In order to get some insights into the mechanism of polymer-
ization of L-LA using taurine, a comprehensive computational
study was conducted. Initial models of the reactive complexes
and isolated molecules were prepared and optimized at the den-
sity functional theory (DFT) level employing the long-range cor-
rected hybrid density functional with damped atom-atom disper-
sion corrections @B97XDI3334 and the global hybrid functional
with 549 HF exchange M06-2X.1] Before the catalytic mecha-
nism was explored, the influence of the environment on the pro-
tonation states of the taurine, as well as on butylamine-methane
sulfonic acid salt (BuNH,:MSA), both used in experiments as cat-
alysts, was studied. Potential energy surfaces (PESs) were com-
puted for the intramolecular proton exchange between the amino
and sulfone groups present in taurine as well as for intermolec-
ular proton transfer from the amino (—NH,) group of BuNH,
to the sulfone (—SO;) group of MSA in the gas phase and in
condensed media (Figure S7, Supporting Information). A sig-
nificant difference in relative stabilization energies was found
for the structures depending on the environment. While in the
gas phase, both neutral variants of the taurine molecule and

Adv. Sci. 2024, 11, 2308956

BuNH,:MSA complex are thermodynamically more stable, in a
model imitating more realistic conditions of the process (in so-
lution), the zwitterionic/ionic pair appears to be more favorable.
Higher stabilization of the charged species of catalysts in com-
parison to their neutral form was confirmed by results obtained
using the two different functionals. The observed deviations in
the results obtained in the gas phase and condensed media high-
lighted the significant role of the environment in the studied
process and forced us to include its presence in the rest of the
calculations. X-ray structure confirmed that the taurine exists in
the form of a zwitterion as the sulfonic acid group is negatively
charged, and the amine group is fully protonated and positively
charged (Figure S8, Supporting Information).

After evaluating the structure of taurine in solution, the mech-
anisms and kinetics of the ROP process for L-LA with BnOH in
the presence of taurine as a catalyst were studied and compared
to the uncatalyzed ROP process (Figure S9, Supporting Informa-
tion). The initiation step in the presence of a zwitterionic form of
taurine, as a catalyst, was explored starting from computing the
energy of reactant complex formation (AE + ZPE,). As shown

2308956 (5 0f10) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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in Figure 4a, the complex formed between taurine, L-LA, and
BnOH (Tauw:L-LA:BnOH) is more stable (by 8.4 or 6.0 kcal mol™!,
depending on the functional) than the complex formed by two
charged taurine molecules, confirming that the formation of the
reactant complex is thermodynamically feasible and favorable
(Figure 4b). In the taurine:L-LA:BnOH case, taurine forms strong
and specific hydrogen bond (H-bond) interactions between the
amino group and the carbonyl oxygen of L-LA (electrophilic acti-
vation), while the sulfone group interacts with the hydroxyl group
of BnOH (nucleophilic activation). The established H-bond inter-
action between reactants and catalyst ensures the reactive orien-
tation required for the first step of the reaction, that is the nucle-
ophilic attack, by bringing the nucleophilic group and the elec-
trophilic center close together (see Supporting Information for
details). Thus, the mechanism of the ROP determined computa-
tionally in the presence of taurine takes place in two steps where
the ring-opening of L-LA is preceded by the nucleophilic attack
of BnOH to the carbonyl carbon (C=0%"*) of L-LA. The main dif-
ference between the uncatalyzed process (Figure S10, Supporting
Information) and the mechanism assisted by taurine originates
in the alternative shuffling of hydrogen atoms during the reac-
tion (Figure 4a). Therefore, instead of being transferred directly
to the oxygen of the carbonyl group of L-LA (O=C"*), the proton
of the hydroxyl group of BnOH (HB"H) is transferred to the oxy-
gen of the sulfone group of taurine (O™") in the first step, while
the negative charge accumulated on the oxygen of the carbonyl
group during the reaction is neutralized by an additional pro-
ton (H™") that is transferred directly from the positively charged
amino group of taurine, see Figure 4a. Such redirection for one
proton transfer and the involvement of an additional proton in
the process results in less restrained geometries of TS structures
and, consequently, in a meaningful reduction of the energy bar-
riers for the first step (up to 20 kcal mol~! regarding the uncat-
alyzed process) as shown in Figure 4b. In the second step, the
proton from the carbonyl oxygen (O=C''%) is returned to the ni-
trogen (N™4) of the amino group of taurine, while the proton lo-
cated in the sulfone group is transferred to the oxygen (O%Aling))
of the L-LA ring, resulting in the ester bond breaking and the
opening of the ring (Figure 4a).

The obtained molecular mechanism agrees with the dual cat-
alytic activation of lactide proposed by Waymouth, Hedricks, and
co-workers, in ROP.!1236%7] In addition, and despite the huge dif-
ferences between this single aminoacid catalyst and the gigan-
tic protein scaffolds, the specific groups present in taurine en-
sure a structural preorganization that is reminiscent of some
of the features usually observed in the active sites of enzymes.
Thus, the established H-bond interactions between reactants
and catalyst stabilize a reactive orientation in the reactants state
non-covalent complex, which reminds the preorganization con-
cept of enzyme mechanisms as responsible for the reduction in
the activation-free energies. In addition, the stabilization of the
charge developed on carbonyl oxygen atoms by interactions with
the amino group resembles the presence of oxyanion holes in
many enzymes, including, for instance, Candida antarctica Li-
pase B (CALB). According to our calculations, the structure of
taurine provides the perfect position of the weak base, the —SO,
group, and an acid/oxyanion hole, mimicked by the —NH, group.
This perfect geometrical fit observed in the complex of taurine

Ady. Sci. 2024, 11, 2308956

www.advancedscience.com

with both reactants (L-LA and BnOH) is achieved due to the ideal
two-carbon “linker” present between the two catalytically active
groups of taurine. The structure present in taurine thus plays
a key role in providing a unique catalytic center to promote the
polymerization of L-LA, mimicking the dual activation behavior
observed, for instance, in the depolymerization of PET by CALB
(Figure 4c(3¢]).

Besides computing the mechanism in the presence of taurine
we also evaluated the initiation step of the ROP process of L-LA
with BnOH assisted by BuNH,:MSA salt in its ionic form, as an
alternative catalyst to taurine (Figure S11, Supporting Informa-
tion). It was found that the order of atom redistribution along the
reaction according to the revealed molecular mechanism is iden-
tical to the one observed in the taurine-assisted process, although
in the case of BuNH,:MSA the two catalytically active groups are
provided by separate molecules. As shown in Figure S12A (Sup-
porting Information), the activation energy barrier increases up
to 19.4 kcal mol~! in ROP when the BuNH,:MSA salt is used (vs
the r.d.s. of 16.8 kcal mol~! in the taurine-assisted process). In
addition, the product complex was found to be slightly less sta-
ble (by 0.6 kcal mol~!) than the reactant complex. A comparative
analysis of the evolution of the charges along the reaction sug-
gests that the lower energy barrier of the first step in the reaction
with taurine can be associated with a lower reorganization of the
electron density, especially in the case of the O™ versus the 0%t
from RC to TS1 (—0.690 to —0.620 a.u. vs —0.750 to —0.558 a.u.
in the case of taurine and butylamine-methane sulfonic acid salt,
respectively). The intrinsic barrier of the second step, measured
from the intermediate, is in fact lower when using the salt than
when using taurine (Figure 4b vs Figure S12A, Supporting Infor-
mation). Once again, the higher catalytic activity of taurine can
be related to an electrostatic pre-organization, resembling that
observed in enzymes.

Besides reducing the rate of the primary process, it is also pos-
sible that the use of BuNH,:MSA salt as a catalyst can also induce
a secondary reaction where the BuNH, plays the role of initia-
tor. Taking this possibility into account, the alternative variant of
the reaction was computationally explored and the influence of
both initiators on the rate of the ROP process was analyzed. Sur-
prisingly, the computed energy profile, as shown in Figure S12B
(Supporting Information), revealed that the “secondary” process
is kinetically more favorable, which is demonstrated by a notably
lower activation energy barrier (15.3 kcal mol~') than the one
computed for the same process with BnOH as initiator. Further-
more, the obtained product complex proved to be more stable (by
9.9 kcal mol~') than the reactant complex, and therefore the prod-
uct of the reaction between BuNH, and L-LA is thermodynami-
cally more favorable. This computational finding is in excellent
agreement with experimental results demonstrating that when
BuNH,:MSA salt is used in the ROP of L-LA, the amine can di-
rectly react with L-LA. Itis worth mentioning that the “secondary”
reaction is rather unfeasible in the case of taurine because, as
demonstrated computationally, this molecule is present only in
its ionized form, therefore preventing the formation of the highly
reactive neutral amino group. Finally, computational and experi-
mental work proves that the use of taurine unequivocally has an
advantage over salt in catalyzing the ROP process of L-LA with
BnOH.
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Figure 4. Mechanism of polymerization of L-LA using taurine. a) Reaction mechanism for taurine-assisted initiation step of ring-opening polymerization
of L-lactide(L-LA) with benzyl alcohol (BnOH) initiator. b) Energy profile for the uncatalyzed (orange line) and taurine-assisted ring-opening polymer-
ization of L-lactide(L-LA) with benzyl alcohol (BnOH) initiator (blue line) computed at M06-2X/6-314+G(d,p) level in an ethyl lactate solvent at T = 403
K. ¢) Schematic comparison between the geometrical preorganization of an enzyme active site (i.e., that of the CALB in depolymerizing PET)[33] versus
taurine.
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Figure 5. Toxicity test of PLLA synthesized with taurine. a) Cytotoxicity test of taurine and its comparison to MSA and DBU and b) the optical microscope

images.
2.3. Extending the Catalytic Scope of Taurine

It has been demonstrated that taurine is an effective catalyst for
the ROP of L-lactide. To demonstrate its versatility, we investi-
gated the potential of taurine to promote the bulk polymeriza-
tion of other cyclic lactones and carbonate monomers such as
e-caprolactone (CL) or trimethylene carbonate (TMC) (Table 1
Entry 8 and 9). We found that the polymerizations were slower
than those of lactide but exhibited exceptional control over the
polymerization, with predictable molecular weights, end group
fidelity, and narrow molecular weight distributions (Table 1 en-
tries 8 and 9; Figure S13a,b, Supporting Information). Moreover,
taurine was also used as a catalyst in the synthesis of well-defined
diblock copolymers of PLA-b-PCL by sequential addition of lac-
tide and e-caprolactone (Figure S13c, Supporting Information).
First, the polymerization of L-LA was performed, using the same
reaction conditions as described previously, resulting in a poly-
mer with a molecular weight of 7000 g-mol~' and a dispersity of

Ady. Sci. 2024, 11, 2308956

1.1. After that, e-caprolactone was added to the reaction mixture.
It was confirmed by GPC that the reaction proceeded, with an in-
crease in the molecular weight up to 13 900 g mol~! whilst main-
taining the dispersity of 1.1 (Figure S13c, Supporting Informa-
tion). In addition, the DSC of the block copolymer was also per-
formed and compared to PLA and PCL homopolymers, observ-
ing at ~55 °C the Tm value of PCL and ~137 °C the one of PLA
(Figure S13c, Supporting Information). These results demon-
strate the potential of taurine to act as a catalyst for the living
polymerization of cyclic esters and lactones.

2.4. Toxicity of Taurine

As mentioned previously, taurine is a naturally occurring catalyst
that is found in many animals and has attracted growing inter-
est because it is considered to be a sustainable compound. In
addition, as it is present in animal tissues, it is thought to be

2308956 (8 of 10) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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non-toxic. To confirm the lack of toxicity of taurine, PLA from En-
try 2, Table 1 was analyzed as received without any purification.
To explore the potential biocompatibility of taurine-based PLA,
the cytotoxicity of the material was assessed using two different
PLA-taurine extracts: 100% (i.e., the extract obtained from the in-
cubation of the material in a complete medium at 37 °C for 24 h)
and 10% (i.e., a 1:10 dilution of the 100% extract). The metabolic
activity of HeLa cells in the presence of the taurine-based PLA ex-
tract was measured after 24 and 72 h by means of the Alamar Blue
assay and compared to other two PLAs obtained with conven-
tional catalysts: a basic one (i.e., 1,8-diazabicyclo(5.4.0)undec-7-
ene (DBU)) and an acidic one (i.e., methanesulfonic acid (MSA)).
Cells incubated with complete medium and complete medium
with 10% DM SO were considered negative and positive controls,
respectively.

When PLA-DBU (i.e., polylactide synthesized using DBU as a
catalyst) and PLA-MSA (i.e., polylactide synthesized using MSA
as a catalyst) were placed in contact with the culture medium, an
instantaneous color change to yellow was observed, indicating
that these two polymers induce a significant change of the pH
of the complete medium. In contrast, in the case of PLA-taurine
(i-e., polylactide synthesized using taurine as a catalyst) no color
change was observed in the medium. Furthermore, the cells were
able to maintain the metabolic activity above the threshold value
(i.e., 70%) in the presence of the PLA-taurine extracts, at both
extract concentrations (i.e., 10%, and 100%) (Figure 5a). These
results indicate no toxic effects of PLA-taurine at any of the con-
centrations tested. The polymer synthesized using DBU as a cat-
alyst induced a significant decrease in the metabolic activity of
the cells in the case of 10% extract concentration at 24 h, while
in the presence of concentrated extract (i.e., 100%), the activity
of the cells was reduced to almost zero (Figure 5a). In the case of
PLA-MSA at 100% concentration, the metabolic activity was null.
However, at the diluted concentration (i.e., 10%), the metabolic
activity was maintained ~80%, indicating that PLA-MSA is not
as toxic as PLA-DBU (Figure 5a).

These results agreed with the observations by optical mi-
croscopy. In the case of PLA-taurine and PLA-MSA, a regular cell
density and distribution were observed in the presence of 10%
extract concentration (Figure 5b). When the extract concentra-
tion was increased to 100%, fewer cells were observed using PLA-
MSA and only a few cells showed a round shape in the presence of
PLA-taurine (Figure 5b), suggesting minimal cytotoxic response.
In the presence of PLA-DBU at both concentrations, the cells
showed a round shape, which is characteristic of non-viable cells
(Figure 5b). Therefore, the polylactide that is synthesized with 5%
taurine shows the lowest toxicity among the studied compounds
and could be used without the need for post-polymerization pu-
rification.

As taurine does not show any toxicity, in terms of biocompat-
ibility its removal is not required. However, several works have
reported that PLA polymer thermal stability could be detrimen-
tally affected by traces of catalyst that could be present in the
material.* To investigate the influence that taurine could have
on the thermal stability of PLA, TGA analyses were performed
with and without a catalyst, and the results were compared with
commercial PLA of 70 kDa (Figure 6). As expected, the presence
of the catalyst in the commercial PLA induces a negative impact
on the thermal stability of PLA reducing considerably the thermal
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Figure 6. Comparison of TGA curves of PLA synthesized using taurine as
a catalyst and without any purification (blue line), after purification (black
line), and commercial PLA (orange line).

stability. Surprisingly we found that the presence of taurine does
not affect the thermal stability of PLA. In addition, the hydrolytic
depolymerization of PLA has been tried in the presence of tau-
rine, in order to see if it has any negative effect in this process.
It has been concluded, that PLA depolymerized into lactic acid
at 160 °C and lactic acid and taurine were recovered (Figure S16,
Supporting Information). These results indicate that taurine does
not interfere negatively with the hydrolytic depolymerization of
the polymer. These results together with the negligible cytotoxic-
ity suggest that taurine is an excellent candidate for the polymer-
ization of different cyclic monomers.

In summary, we report a highly abundant, biocompatible, and
highly efficient amino acid for the bulk ROP of cyclic lactones and
carbonates in industrial-relevant conditions. The key advantage
of this process is that it does not require any time-consuming and
costly removal of the catalyst from the final polymer as taurine
is biocompatible and present in many tissues in animals. Com-
putational studies indicate that the unique zwitterionic struc-
ture of taurine not only provides extremely high thermal stability
but also allows the simultaneous activation of the alcohol initia-
tor/chain end and the lactone monomer without providing any
undesirable initiation, as the dual catalytic activation of lactide
previously suggested by Hedrick and co-workers. Surprisingly,
the high selectivity of these catalysts for propagation over trans-
esterification leads to stereocontrol in the polymerization of L-
LA as well as excellent end-group fidelity as demonstrated by
MALDI-TOF analysis. More generally we expect that the use of
taurine may have a potential impact in other industrially relevant
polymerization processes to produce C—N and C—O containing
polymers where there is a need to utilize high temperatures and
where nucleophiles and electrophiles must be activated simulta-
neously.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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