A ‘greener’ one-pot synthesis of monoterpene-functionalised lactide oligomers
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Highlights

e Improved sustainability of the Ring Opening Polymerisation (ROP) of lactide (LA) by employing
renewable terpene-based initiators in combination with the biorenewable solvent 2-Methyl
Tetrahydrofuran (2-MeTHF) was achieved.

o Asmalllibrary of terpene-alcohols was used as initiators in the generation of PDLLA oligomers

e These oligomers were found to self-assemble in water to form well-defined nanoparticles
(NPs) without the use of additional stabilisers or co-monomers.

e The nanoparticles formed were found to be biocompatible when tested on lung, intestinal
and skin cells, hinting at the possibility of a broad range of applications for these novel
materials.
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Abstract

In this work we aimed to achieve a totally sustainable Ring Opening Polymerisation (ROP) process, by
harmonising the use of naturally occurring or derivable initiators and the green solvent 2-
Methyltetrahydrofuran (2-MeTHF). First, a library of novel monoterpene-alcohols and existing
terpenoids was used to provide renewably sourced initiators for a metal-free ROP synthetic step. A
number of these initiators are derived from waste materials, further improving their sustainability.
Secondly, we selected lactide (LA) as a monomer, because not only is it derived from biomass, but its
resultant polymers are biocompatible and biodegradable. Interestingly, these new polymers self-
assembled in water producing well defined, biocompatible nanoparticles (NPs) via direct
nanoprecipitation without the use of additional stabilisers. We have highlighted a novel and promising
(ROP) approach to produce biodegradable, amphiphilic ester-based macromolecules, based on lactide
and terpenes (as initiators) in a green solvent, 2-MeTHF thus reducing solvent toxicity in an efficient,
simple and sustainable new synthesis. The monoterpenes may provide a highly functionalisable and
bio-renewable toolbox for a new generation of ROP initiators.


mailto:vincenzo.taresco@nottingham.ac.uk

Introduction

In the last century, the reliance of the global population on polymer-based materials increased twenty-
fold.[1] In 2015, synthetic polymer production worldwide reached 300 million tonnes,[2] and with the
global population estimated to pass ten billion by 2050,[3] this reliance on polymer materials brings a
variety of problems around sustainability,[4] environmental[5] and economic[1] issues. Despite a
growing demand for renewable plastic material, sustainable polymers still only constitute less than
10% of the total commercial plastics market.[2] With crude oil and gas feedstocks expected to be
entirely depleted within the next century,[6] this alone demands that polymer production finds new,
renewable feedstocks.

Terpenes are one source of hydrocarbon rich molecular biomass that have generated much interest.
This diverse family of naturally occurring compounds are abundant in nature and do not compete
directly with food sources,[7] making them attractive feedstocks for renewable polymers.[8]

‘Monoterpenes’, comprised of two isoprene units, with the general formula CioHi6, are the most
common.[7] Turpentine, the volatile fraction isolated from pine resin, is the primary source of a variety
of terpenes and is produced on a scale of about 330,000 tonnes per year.[7,9] Its composition is
dependent on the age and species of the tree, amongst other factors, but its major components are
a-pinene and B-pinene, along with small amounts of other monoterpenes such as limonene. Other
monoterpenes can be easily accessed from these compounds, as can their oxygenated ‘terpenoid’
derivatives including menthol, carvone and other cyclic terpene alcohols.[10]

Terpenes and terpenoids have shown huge potential for polymerisation after functionalisation.[11] In
particular, in the last few years there has been interest in the chemical exploitation of these naturally
occurring materials to produce polymers with tunable properties.[7] The radical polymerisation of a
variety of terpene-based (meth)acrylates has been recently reported,[12] as has the polymerisation
of functionalised terpenes leading to alternating co-polymerisation of carbon dioxide and limonene
oxide.[13] Other research has screened the most atom-efficient and sustainable pathways, among the
widely reported and less conventional methods, for the synthesis of a range of terpenoid-based
(meth)acrylates with the help of the recently developed CHEM21 green metrics toolkit.[14]

Ring opening polymerisation (ROP) methods have also proved to be key in the polymerisation of
terpenes.[15] For instance, Zhang et al. showed that the seven-membered lactone menthide could be
accessed from menthone, before undergoing ROP with a zinc-alkoxide catalyst to yield aliphatic
polyesters.[16,17] Quilter et al. reported a high-yielding 4-step process for converting B-pinene into a
biorenewable replacement of e-caprolactone, as well as the homo- and co-polymerisation of the novel
cyclic monomer.[18] Additionally, Winnacker et al. developed an alternative synthetic bio-pathway
for the production of polyamides, produced via ROP of a lactam-based B-pinene, which showed
excellent thermal properties.[19,20]

To our knowledge, there is only one example of mono- and di-terpenoids having been previously
investigated as possible ring opening initiators.[21,22] In this instance, Zhao et al. used a library of
terpene alcohols (menthol, retinol, cholesterol, and betulin) as initiators for anionic ROP of ethylene
oxide, catalysed by the phosphazene base, t-BuP4, with the intent of producing a series of polymers
with tunable properties.[21]

In this paper we aim to expand the number of terpene-based ROP initiators. In an effort to minimise
synthetic steps, waste and the overall energy involved in the synthesis, the designated library of
monoterpene-OHs was made up of a variety of molecules that are either commercially available, or



were already present in our in-house library, as intermediates in the production of (meth)acrylic-
derivatives.[23,24]

One of the most successful bioderived polymers is polylactide (PDLLA).[25-27] It has received
significant commercial attention as it has the potential to replace polyolefins and other petrochemical-
derived polymers.[7] In 2014, this polymer accounted for one of the three main products by volume
of the renewable polymer industry.[28] PDLLA is a particularly attractive sustainable polymeric
material because not only is it derived from biomass, but it is also biocompatible and biodegradable,
breaking down to form lactic acid.[29] This makes it suitable for biomedical applications such as drug
or vaccine delivery. PDLLA therefore offers an example of a useful polymer that can be considered
safe and devoid of any major toxicity.[29]

Owing to its polarity and high miscibility with a variety of organic compounds, dichloromethane (DCM)
has been commonly employed as a solvent for the synthesis of PDLLA via the ROP of lactide (LA). [30—
32] However, DCM is known to be carcinogenic to humans according to the World Health Organization
IARC evaluations, and contributes to ozone depletion.[33] As a result, the European regulation
concerning the ‘Registration, Evaluation, Authorisation and Restriction of Chemicals’ (REACH) has
introduced specific restrictions for DCM and its use.[33] Alternatively, 2-Methyltetrahydrofuran (2-
MeTHF) is a successful neoteric bio-based solvent replacement for DCM, Toluene and THF. In fact, it
has been adopted in a wide range of chemical processes.[34] 2-MeTHF is a volatile cyclic ether that
can be derived from the chemo-catalytic treatment of biomass.[35] It is appealing as a solvent for a
variety of organocatalysed reactions and biotransformations because of its boiling point, low
miscibility with water and higher stability compared to THF.[35] A further distinct advantage of the
use of 2-MeTHF in place of DCM, is that it is known to be ‘inversely soluble’ in water with increase in
temperature. This is of particular advantage for the ROP reactions in this paper, which must be
performed in the absence of water.[36]

Our aim is to expand the number of renewable and further-functionalisable initiators for ROP and for
the first time to develop a process using a naturally occurring monomer, initiator, catalyst and solvent,
in a fully green and sustainable process. The catalyst is 1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU), a
naturally occurring, non-nucleophilic amidine base[30-32] which has mild activity to minimise side
reactions and preserve key functionalities both on the headgroups, backbone and end-group
moieties.[30,37]

A key target is to demonstrate the crucial importance of the retention of the “terpenoid double bond”
motif along the headgroups of the bio-hybrid polyesters, to provide a versatile docking-point for the
production of highly functionalised, degradable polymeric platforms; for example in future work via
thiol-ene addition chemistry.[38] Functionalisation of the terpene alkene motif in this way has been
recently demonstrated by Weems et al. in the production of resins using thiols for ‘click’ reactions, via
photopolymerisation.[39]
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Scheme 1. The structures of the terpene-OH initiators. Geraniol (ger) and carveol (car) are

commercially available natural products, while limonene-OH (lim-OH) and trans-sobrerol (t-sob) are
known compounds from our in-house terpene library.[23][24]

Experimental Section
Materials

Commercially available chemical reagents were purchased from Merck, Sigma Aldrich or Fischer
Scientific UK and used as received unless otherwise stated. Solvents were purchased from Fischer
Scientific UK and used without further purification unless otherwise stated. Water was deionised
before use. Brine is a saturated aqueous solution of sodium chloride. Solvent evaporation was
performed using a rotary evaporator under reduced pressure.

General Methods and Instrumentation

Nuclear magnetic resonance spectroscopy: Conversion of each reaction and degree of polymerisation
were determined using *H nuclear magnetic resonance spectroscopy. Samples were dissolved in CDCl3
and analysed using a Bruker DPX 400 MHz spectrometer operating at 400 MHz (*H) and 100 MHz (*3C).
Chemical shifts were assigned in parts per million (ppm). All spectra were obtained at ambient
temperature (22 °C +1). MestReNova 6.0.2 copyright 2009 (Mestrelab Research S. L.) was used for
analysing the spectra.

Fourier-Transform Infra-Red Spectroscopy: Spectra were recorded with an Attenuated Total
Reflection Cary 630 FTIR spectrophotometer (Agilent Technologies, Santa Clara, CA). 32
interferograms were recorded for each spectrum, with a resolution of 4 cm?, in the range 4000-650
cm™. IR spectra were analysed by SpectraGryph1.2 software.

Size Exclusion Chromatography (SEC) was performed in THF (HPLC grade, Fisher Scientific) as the
eluent at room temperature using two Agilent PL-gel mixed-E columns in series with a flow rate of
1 mLmin?t A differential refractometer (DRI), were used for sample detection. The system was
calibrated using polylactide standards.

Differential Scanning Calorimetry (DSC) was used to determine the glass transition temperature (Tg)
of the polymers produced. The analysis was performed on a TA-Q2000 (TA instruments), which was
calibrated with an indium standard under N; flow. The sample (1-3 mg) was weighed into a T-zero
sample pan (TA instruments) with a reference T-zero pan remaining empty. Both pans were heated at
a rate of 10 °C min’, from -90 °C to 120 °C for all samples. To remove any thermal history of the
individual samples two heating cycles were recorded with the T, being measured from the second
cycle.

Dynamic mechanical analysis (DMA) was used to determine the T, of the polymers. Measurements
were performed on a Triton Technologies DMA (now Mettler Toledo DMA1) using the powder pocket



accessory. The sample (40 mg + 5 mg) was weighed into a powder pocket. Samples were measured
at 1 and 10 Hz in single cantilever bending geometry between -50 - 100 °C depending on the region of
interest. The value of the T; was taken as the peak of the tan delta (tan &) curve.

Water Contact Angle (WCA) values were recorded at at 25 °C by means of a KSV Cam 200 (KSV
InstrumentsLtd., Helsinki, Finland). Samples were prepared by solvent casting of polymer in acetone
solutions, at 5 mg/mL, on cover slips. Polymer-coated slides were mounted horizontally on the stand
of the instrument. A small drop of distilled water was dispensed by a syringe with a flattened tip needle
onto the polymer film. Each droplet was allowed to settle and interact for 5 sec. The tangent line was
recorded using a camera and both shape and contact angle were analysed. Three measurements were
repeated for each sample.

Dynamic Light Scattering (DLS) and Z-potential: Particle size analyses were performed by DLS utilizing
a Zetasizer Nano spectrometer (Malvern Instruments Ltd) equipped with a 633 nm laser at a fixed
angle of 173°. The same instrument was used to measure the Z-potential of the produced NPs. All
experiments were performed in triplicate on the same sample.

‘Greener’ procedure for DBU-catalysed terpene-initiated ROP of Lactide in 2-MeTHF

The desired amount of LA and initiators (car, ger, lim and t-sob) were weighed into a vial (pre-dried in
an oven at 100 °C overnight). The [M]:[I] was kept fixed at 10:1 ratio. In case of t-sob-LA10,0.98 mmol
t-sob and 9.8 mmol of LA). Subsequently, 2-MeTHF (7 mL) was added and the mixture was allowed to
fully dissolve at 60 °C (according to the initiators adopted) and the vial was capped. DBU was added
at 1.5% mol/mol (compared to the monomer) to initiate the ROP reaction at 60 °C. After 15 minutes
of reaction, the process was stopped by adding the reaction mixture into cold heptane (20-30 mL).
The same procedure was exploited to produce polymers with different [M]/[I] ratios by either altering
the monomer/initiator feed-stock ratio or using a preformed oligomer and further chain extension.
The polymer was purified via two further precipitation steps (heptane was decanted and replaced
with diethyl ether, the sample was then left in the freezer for 2 hour before decanting the organic
solvent) and dried in a vacuum oven to obtain the final macromonomers (conversion of monomer in
polymer circa 70% to full). Ger-LAjo: conversion monomer in oligomer circa 70%. *H NMR (400
MHz,CDCI3) 6H=5.19-5.13(m, 8H), 4.69-4.58(m, 1H), 4.39-4.29(m, 1H), 2.68(br s, 1H), 2.09-1.98(m,
3H), 1.75-1.67(m, 6H), 1.59-1.55 (m, 24H), 1.55 —1.54(m, 3H), 1.50-1.46(m, 3H). Calculated M, from
NMR: 1150 Da, M, (GPC) 1330 Da and D 1.2. To further prove the robustness of the reaction, DP 20
and 40 were also targeted. For these polymers the following results were observed: (DP 20) M, (GPC)
2200 Da and D 1.3 and (targeted DP 40, observed DP of 35 units) 5000 Da D 1.3. However, due to our
interest in investigating the behaviour of short oligomers as surfactant, only DP 10 and 20 have been
taken into consideration.

‘Traditional’ procedure for DBU-catalysed, terpene-initiated ROP of Lactide in DCM

The desired amount of LA and initiator (ger) were weighed into a vial (pre-dried in an oven at 100 °C
overnight). The [M]:[l] was kept fixed at 10:1 ratio. In case of ger-LA;, 0.98 mmol t-sob and 9.8 mmol
of LA). Subsequently, DCM was added (7 mL) and the mixture was allowed to fully dissolve. DBU was
added at 1.5% mol/mol (compared to the monomer) to initiate the ROP reaction at room temperature.
After 15 minutes of reaction, the process was stopped by adding the reaction mixture into cold
heptane (20-30 mL). The polymer was purified via two further precipitation steps (heptane was
decanted and replaced with diethyl ether, the sample was then left in the freezer for 2 hour before
decanting the organic solvent) and dried in a vacuum oven to obtain the final macromonomers
(conversion of monomer in polymer circa 80%). *H NMR (400 MHz,CDCI3) 8H=5.19-5.13(m, 8H), 4.69—
4.58(m, 1H), 4.39-4.29(m, 1H), 2.68(br s, 1H), 2.09-1.98(m, 3H), 1.75-1.67(m, 6H), 1.59-1.55 (m,
24H), 1.55-1.54(m, 3H), 1.50-1.46(m, 3H). Calculated M, from NMR: 1300 Da, M, (GPC) 1650 Da and
b1l.2



Nanoparticle preparation and stability assay

The polymeric nanoparticles (NPs) were formed via the nanoprecipitation method. More precisely, 1
mL of acetone solution containing 10 mg of polymer was added to 10 mL of HPLC filtered water under
constant stirring (550 rpm). The water/acetone uncapped solutions were gently stirred over-night in
order to facilitate acetone evaporation. Particle size analyses was then determined using DLS as
described. Stability tests were performed by diluting the NP suspensions with PBS and monitoring the
variations in sizes via DLS in a period of 48h.

Critical Aggregation Concentration (CAC) calculation

The Critical Aggregation Concentration (CAC) was calculated using a Zetasizer Nano ZS as described in
Malvern application note AN101104 (http://www.malvern.com/en/support/resource-
center/application notes/AN101104SurfactantMicelleCharacterization.aspx). A constant attenuator
was selected and the count rate in kcps of the scattered light was monitored for a range of diluted NP
suspensions (1000 — 2.00 pg/mL). The intensity increases linearly with concentration above the CAC,
while below the CAC the count rates reach a plateau. The CAC was then calculated by intersecting the
two lines.[30]

Cell culture

Caco-2 human adenocarcinomic colon epithelial cells, A549 human adenocarcinomic alveolar
epithelial cells and A431 human epidermoid carcinoma cells were obtained from the American Type
Culture Collection (ATCC; Manassas, Virginia) and used at passages 30-35, 20-25 and 25-30,
respectively. All cells were cultured in DMEM (Sigma-Aldrich) supplemented with 10% (v/v) FBS
(Sigma-Aldrich) and 2 mM L-glutamine (Sigma-Aldrich), and at 37°C with 5% CO..

Cytocompatibility evaluation

The lactate dehydrogenase (LDH) release assay (Sigma Aldrich, TOX7 kit) and PrestoBlue cell viability
assay (Thermo Fisher Scientific) were performed to assess nanoparticles behaviour. All cells were
seeded at 1x10* cells per well in 96 well plates and cultured for 24 hours prior to assaying.
Nanoparticles were exposed to cells for 48 hours and applied in 100 ul phenol red free DMEM
containing 10% (v/v) FBS and 2 mM L-glutamine. Triton X-100 (TX) applied at 1% (v/v) applied in
phenol red free medium was used as a cell death (positive) control and a vehicle control containing
no nanoparticles used as a negative control. Following exposure, 50 pl of supernatant was collected
per well for analysis of LDH content. Cells were then washed twice with warm PBS and 100 pl 10%
(v/v) PrestoBlue reagent diluted in phenol red free medium applied per well for 60 minutes. The
resulting fluorescence was measured at 560/600 nm (Aex/Aem). Relative metabolic activity was
calculated by setting values from the negative control as 100% and positive control values as 0%
metabolic activity. Assessment of LDH release was performed according to the manufacturer’s
instructions and involved adding 100 ul LDH reagent to collected supernatant samples and incubating
at room temperature shielded from light for 25 minutes. Absorbance was then measured at 492 nm.
Relative LDH release was calculated with the negative control absorbance at 492 nm taken as 0%, and
the positive control, assumed to cause total cell lysis, as 100%.



Results and Discussion
ROP of LA initiated by geraniol in 2-MeTHF with DCM.

The solubility of the library of monoterpene initiators was evaluated in DCM to show that geraniol
(ger) limonene-alcohol (lim) and carveol (car) were readily soluble at room temperature. The trans-
sobrerol (t-sob) was not soluble, which was unsurprising as this molecule is water-soluble and known
to be poorly soluble in organic solvents,[40] likely due to the higher polarity conferred to the molecule
by the additional unreactive tertiary hydroxyl group (compared to the other terpene heads). 2-MeTHF
has a much higher boiling point (80 °C) than DCM, allowing us to operate at a higher temperature. We
found that at 60 °C all of the initiators and monomer were dissolved. This temperature was thus set
as the reaction temperature for the ROP synthetic steps in 2-MeTHF, thereby overcoming any
solubility limitations and adding a new terpene-OH to the library of initiators available for use in the
ROP process. The initiator ger was used to produce PDLLA oligomers in both DCM and 2-MeTHF (Figure
S1) and 20 minutes after DBU addition and reaction activation, both of the reaction mixtures (DCM
and 2-MeTHF) were added dropwise into cold heptane. The resulting precipitates were purified via
additional washing steps. The DCM reaction was simply adopted as a comparison to establish the
quality of the oligomer produced in 2-MeTHF. ATR-IR spectra of the two hybrid oligomers (from DCM
and 2-MeTHF - Figure S2) resulted superimposable, confirming qualitatively the success of the
reactions and the similarity of the final products from the two reactions. In particular, the sharp
transition at 1750 cm™ is related to the C=0 stretching of the PDLLA ester peak whilst the C=C
stretching of the alkene in the terpene initiator is at around 1650 cm™ (Figure S2). In both solvents, a
similar conversion of LA (final DP= 7) into the related oligomers after the same timeframe was
observed (Figure 1 and S1). Peak shifts and broadening that are associated with polymerisation were
observed (Figure S3), and were comparable for both reaction conditions, in particular for the
monomer CH and CH; peaks (at 5.25 and 1.65 ppm respectively) and the initiator alkene peaks
(between 5.30 ppm and 5.10 ppm) .
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Figure 1. (Above) Reaction scheme of ger-initiated PDLLA;o ROP in 2-MeTHF. (Below) *H-NMR of the
final purified oligomers and main macromolecule peak assighments. The targeted DP (ideal number
of LA units in the final oligomer) was 10, as reported in the stoichiometry of the monomer in Figure 1
(Above). Due to a conversion of 70% of monomer into polymer a DP of 7 was registered by *HNMR.
Polylactide structure was conventionally reported as half unit (Figure 1 Above). In this case the number
of LA CH protons is equal to the number of repetitive units. However, LA bears two protons per full
unit and thus the final DP is considered dividing by two the total number of LA CH protons.



Tablel. Chemical and physical characterisations of terpene-initiated PDLLA oligomers synthesised in
2-MeTHF.

T, Te Water
1Y, P - (DMA)
x . as M, Contact
Polymer | DP, (NMR) Conversion (%) b (DSC) (1Hz)
(NMR) (GPC) oc Angle
( ) (Dc) Ow (O)
10 (20 LA CH
car-LAyo .( full 1700 2100 1.2 | 135 20.2 72£2
units)
7 (14 LA CH
ger-LAyo . 70 1150 1330 1.2 | -4.6 0.3 6514
units)
8 (16 LA CH
lim-LAzo ,( 80 1300 1670 1.2 | 25.7 31.3 68+1
units)
10 (20 LA CH
t-sob-LA1 unitg) full 1600 2050 1.2 | 244 26.0 55+3

* DP values approximated to the closest whole values and related number of CH on the LA chain
** Calculated from *H-NMR
*** Calculated from alkene (terpene, initiator) peak and methine PDLLA peak *H-NMR integration.

**** Compared to PDLLA standards

Lactide ROP with the full monoterpene initiators library in 2-MeTHF

Following the success of the 2-MeTHF method for the geraniol-initiated ROP of LA, the full available
library of hydroxyl monoterpenes was subsequently tested for the ring opening initiation of lactide in
this solvent. The *H NMR spectra of each of the final oligomers (Figure S4) shows the retention of all
of the characteristic peaks of both the polymerised lactide and terpene initiators. As shown in Table 1,
the reaction conversions ranged from 70% to full conversion. M, values were calculated by comparing
the integrations of the terpene alkene peaks (Figure S4 and Figure 1), in the spectra range between
5.50 and 5.00 ppm according to the different terpene adopted (green dots) and the CH peak of the
PDLLA chain at 5.25 ppm (violet dot). The similarity between the theoretical M, values calculated via
NMR and GPC confirmed the retention of the initiator and monomer ratios, corroborating the
stoichiometric integration of the alkene initiator peak and the methine group of the monomer.[22] In
addition, the quality of the reaction can be evaluated by considering the low dispersity (D) observed
in all the tested materials (< 1.3) and the presence of a single molecular weight peak distribution
(Figure S5).

Thermal and dynamic mechanical analysis confirmed the amorphous nature of the synthesised
oligomers (Table 1). Both DSC and DMA showed the same T; trend among the four materials. Though
differences can be observed between the two analyses, these are due to the intrinsic difference
between the static DSC and the dynamic DMA measurement, resulting in the DSC observed Tgs being




lower in absolute values.[41] By maintaining a similar molecular weight in the final oligomers, the main
factor impacting on the T, values is likely to be the nature of the initiator, namely the terpene-head.
Tg values ranging from -4.6 to 25.7 °C were measured by DSC while Tgs ranging from 0.3 to 31.3 were
detected by DMA (Table 1). However, the same final trend throughout the samples was observed with
lim-LAo showing the highest transition and ger-LAio the lowest transition. Contact angle values can be
considered as a measure of the hydrophobic/hydrophilic character of a particular surface on the
length scale of the water droplet. A surface can be considered hydrophobic when ©> 90° and
hydrophilic when ©< 90°.[42] Each of the surfaces showed a good wettability with ©,, below the 90°
hydrophobicity threshold with values spanning from circa 72° to 55° (Table 1). This evidence supported
the amphiphilic chemical nature of the molecules suggesting a possible rearrangement of the hydroxyl
end group towards the water droplets and the segregation of the lactide short chain and terpene head
towards the inner part of the film. In fact, reported O, values for non-functionalised PDLLA with a
longer chain ranged from around 80° up to around 90° confirming a hydrophilic/hydrophobic balance
of these short oligomers.[43,44] Interestingly, t-sob-LA4, resulted in the most “hydrophilic” terpene
head showing the lowest Oy thus, indirectly hinting at the preservation of the extra free tertiary
hydroxyl group that may contribute to the improvement of the surface wettability (higher
hydrophilicity compared to the other terpene heads).[45] On the basis of this solid-liquid interface
rearrangement ability and based on previous literature showing the ability of lactide retinol-initiated
polymers to self-assemble in water,[22] we tested our library of oligomers via nanoprecipitation.

Table 2. Nanoparticles size, size distribution and Z-potential.

Polymer | Size (nm) PDI Z-p;)r::lr;tial
car-LAp 231+4 0.11+0.03 -21+2
ger-LAjg 201+8 0.08 +0.02 -32+3
lim-LA1o 195+3 0.04 £0.01 -31+3
t-sob-LAyp | 176%5 0.03 £0.02 274

Measures performed in milliQ grade water.

Self-assembling characterisation

All the materials were able to self-assemble in water into well-defined NPs, with diameters ranging
from circa 230 nm up to 175 nm and very narrow PDIs consistently below 0.1 (Table 2). The highly
negative Z-potential for all the nanosystems may be a result of the segregation of the free hydroxyl
end groups towards the NPs surface. In the nanoprecipitation step the oligomers self-assembled into
nanoaggregates without using additional stabilisers, envisaging the potential of these materials to be
considered as renewable and biodegradable surfactants. Additionally, due its high hydrophobicity,
PDLLA, at higher molecular weight, cannot self-assemble into nanoparticles unless copolymerised with
a second highly hydrophilic (macro)molecule (e.g. PEG), highlighting the quality and advantage of our
one-step green reaction.[46] Interestingly, t-sob-LA;p showed the smallest NPs sizes (up to 60 nm
smaller than the others), likely due to the more pronounced amphiphilic balance with the hydrophobic
lactide chain due to the presence of a second free hydroxyl moiety from the head group. This again



highlights another advantage of our switch from DCM to 2-MeTHF: not only does it allow for the
generation of these oligomers through a more green and sustainable process, but it also enables the
solubility of t-sob, which has given us to access these unique terpenoid-based NPs.
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Figure 2. (Top) Reaction scheme of t-sob-LA. (Bottom) *H-NMR t-sob-LA,o, peaks assignment and
integration for experimental DP, evaluation.

Effect on LA length on t-sob initiated oligomers

This experimental evidence led us to explore further LA-based polymers bearing the hydrophilic t-sob
group by tuning the M/I ratio (Figure 2). In addition to t-sob-LAi, t-sob-LA;o (bearing 20 LA units) has
been synthesised and characterised. There is a reasonable relationship between the
monomer/initiator feed-ratio (20/1) and the final number of LA units in the polymer (DPn~ 20) (Figure
2). Additionally, the retention of all the peaks related to the terpene backbone confirm the robustness
of the greener reaction conditions adopted. Also, the longer polymer showed a narrow monomodal
GPC trace confirming a single molecular weight distribution of 2200 Da and D of 1.3. By almost
doubling the length of the PDLLA chain, it has been possible to tune the amphiphilicity, balancing the
longer polymer chain hydrophobicity with the polar terpene-head (due to t-sob free tertiary hydroxyl
group). In fact, t-sob-LAy, self-assembled in water, producing well-defined NPs (Figure 3) with size
around 103 nm, PDI of 0.12 and a Z-potential of circa -40 mV. This nanoaggregate resulted almost 70
nm (Figure 3) smaller than the one produced from t-sob-LA;0, highlighting the importance of a precise
hydrophobic/hydrophilic balance.[47]

Critical Aggregation Concentrations (CACs) were calculated by plotting the light scattering count rate
intensity variation related to serial dilution concentrations. The resulting CAC values were circa
90 pg mL* for t-Sob-LA1o (0.053 mM) and 70 ug mL* for t-Sob-LA»(0.032 mM) (Figure 3, Right). These



values are comparable to the critical micelle concentration (CMC) of commonly used surfactants, such
as Triton X100 and Tween 20, which present CMC values of 0.22-0.24 mM and 0.049 mM (Sigma
Aldrich Merck catalogues) respectively. The experimentally calculated CAC results, found for the two
terpene-initiated polylactides, indicated that NPs can be present at low concentration in the final
suspensions and required high dilution before disaggregation occurred, broadening the field of
applications for these novel materials e.g. as functionalised polymeric drug delivery carriers.
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Figure 3. DLS Intensity of NPs formed from t-sob-LAjp and t-sob-LAy (Left). Critical aggregation
concentration (CAC) graphs of count rate in kcps vs concentration (ug/mL) of t-sob-LA;o (0.053 mM)
and t-sob-LAy (0.032 mM) (Right).

To further highlight the importance of the nature of the different moieties present on the terpene
headgroups upon the final nanoparticle suspensions, a test of stability in phosphate buffer (PBS) (at
pH 7.4) was performed. NPs prepared from lim-LAjo (no free OH on the terpene head) and t-sob-LA;o
(presence of a free tertiary OH in the terpene head) were used as model colloids and their size average
variation was monitored up to 48h after dilution with PBS, at a concentration of 500 pg/mL. As
depicted in Figure S6, the average sizes of lim-LA1oNPs tended to be stable up to 24h of incubation in
PBS while agglomeration and aggregation can be observed after 48h of incubation, indicating



destabilisations likely due to the altered ionic strength of the medium. On the other hand, t-sob-LAy
showed high stability throughout the 48h of observation window, highlighting the stabilisation effect,
due to the free tertiary OH and a more precise amphiphilic balancing (due to a longer LA chain), in
media that mimics more relevant biological environments.

Cytotoxicity assessment of the terpene initiated PDLLA oligomers library

In vitro preliminary cytotoxicity screening was performed on Caco-2 intestinal, A549 lung and A431
skin cells to represent exposure via ingestion, inhalation and skin contact, respectively. Each of the
produced surfactants was tested on cells at a concentration of 1 mg mL? in cell culture medium
containing 10% of FBS. Each of the particles showed no cytotoxicity in both assays carried out and in
all cell types studied similarly to the vehicle control DMEM. This included no drop in metabolic activity
over 48 hours (Figure 4A), and no membrane disruption compared to the surfactant control TritonX-
100 (Figure 4B). The absence of cytotoxicity indicates the materials can be considered biocompatible
and thus, combined with the known biodegradability of lactide-based polymers, these show promising
potential for the adoption of these materials as carriers in drug delivery or other biomedical
applications.
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Figure 4. Biocompatibility of NPs on Caco-2 (intestinal), A549 (airway) and A431 (skin) epithelial cells.
Cytotoxicity was determined by PrestoBlue metabolic activity and LDH release as an indicator of
membrane damage. Particles (1 mg/mL) were applied to cells in 10% FBS containing DMEM and



exposed for 48 hours to cells. All cells were seeded at a density of 1.2 x 10° cell per well, and cultured
for 24 hours prior to assaying. DMEM treatment represents the vehicle control and Triton X-100 (TX)
applied at 1% (v/v) was used as the cell death control. Data are presented as mean * S.D (n=3).

The desirable alkene moiety was retained and the targeted PDLLA chain length was obtained as
revealed by the combination of 'H-NMR analysis and GPC data (Experimental Section and Table 1).
Therefore, from this first comparison it can be concluded that the higher boiling point 2-MeTHF leads
to animprovement in terms of solubility beyond what can be achieved in DCM due to, thus broadening
the pool of molecules that may be employed in ROP synthesis. Additionally, we have demonstrated a
facile method to avoid the use of chlorinated or fossil-fuel derived solvents producing highly
biocompatible and biorenewable functionalised surfactants with promising properties for bio and
pharma applications. In particular, due to the smaller size and higher stability of the NPs bearing t-sob
moiety, compared to the rest of the library, this material may be envisaged as oligomeric carrier in the
field of the drug delivery. It is known that negative zeta potentials further reduce nonspecific uptake
into the liver and spleen due to electrostatic repulsion between the particles and the cellular surface
increasing blood circulation. Therefore, the low toxicity and the negative potential may be exploited
to produce stealth nanocarriers bearing novel functionalities [48]

Conclusions

We have designed a library of terpene-initiated lactide oligomers that align with the concept of a
circular economy and using renewable materials to generate biocompatible surfactants.

We have demonstrated, for the first time, that 2-MeTHF is an effective, greener alternative to DCM as
a reaction solvent for the ring opening polymerisation of lactide. In addition to the improved greener
reaction conditions, we have employed a small library of terpene molecules bearing hydroxyl
functionalities, to provide functionalisable, renewably sourced initiators for ROP. The use of 2-MeTHF
has allowed this library to expand and include the use of trans-sobrerol, insoluble in DCM at room
temperature but readily soluble in 2-MeTHF at ~60 °C. The geraniol-initiated oligomer (LA units)
produced in the green solvent was comparable to the oligomer species prepared in DCM in terms of
monomer to polymer conversion, NMR and GPC molecular weights. The whole set of terpene initiators
(car, ger, lim and t-sob) was then used to produce PDLLA oligomers with targeted 10 repeat units in
2-MeTHF.

The retention of the “terpenoid double bond” motif was confirmed by IR and *H NMR for each
oligomer independent from the nature of the initiator. The presence of this alkene group in the
headgroup of the bio-hybrid polyesters could therefore be further exploited as a versatile docking-
point for the production of highly functionalisable, degradable polymeric platforms. Interestingly,
these new materials self-assembled in water producing well defined nanoparticles (NPs) via direct
nanoprecipitation without the use of additional stabilisers. The final self-assembling aggregates were



studied by employing DLS and Z-potential. To further demonstrate the robustness of both the reaction
medium and conditions, a 20 LA-unit polymer was synthesised employing t-sob as an initiator. By
altering the length of the PDLLA chain we demonstrated the tuning of the amphiphilic balance
between the t-sob head, bearing a tertiary hydroxyl group (thus, resulting the most polar among the
terpenes used) and the hydrophobic polyester backbone and smaller NPs (around 100 nm) were
formulated with CAC values comparable to marketable surfactants.

These nanoparticles were devoid of any major cytotoxicity, hinting at their potential use as
biomaterials. These monoterpenes can be considered a tool-box of renewable and highly
functionalisable small molecules for a new generation of ROP initiators, and the use of 2-MeTHF can
render a more sustainable ROP synthesis. By showing the potential for these oligomers/polymers as
surfactants, we hope to motivate more research groups to embrace the concept of the circular
economy and renewable materials.
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Figure S1. (Top) Synthetic scheme of gerLAy in the two different reaction solvents (DCM and 2-
MeTHF). (Bottom) *H-NMR of gerLAo after purification, synthesised from DCM and 2-MeTHF, peak
assignments and integration for experimental DP, evaluation.



Ger-LA,,from DCM

Abs

Ger-LA,, from 2-MeTHF

L4

3800 3600 3400 3200 3000 2800 2600 2400 2000 1800 1600 1400 1200 1000 800

220¢
Wavenumbers [1/em])

Figure S2. Stacked ATR-IR spectra of ger-LAig oligomers synthesised in DCM and 2-MeTHF It can be
observed that the two spectra are superimposable, qualitatively confirming the similarity of the final
products from the two different reaction conditions.
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Figure S3. Stacked *HNMR spectra of the final oligomer ger-LAio (TOP) and mixture of the related
starting materials in 2-THF (BOTTOM). Main peaks variations (chemical shifts and shape) before and

after reaction have been highlighted.
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Figure S5. GPC Rl traces vs retention time of the four oligomers, car-LAjo, ger-LAg, lim-LAip and t-sob-
LA, respectively.
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Figure S6. (Top) DLS traces of lim-LAg after dilution at 500 pug/mL with PBS at 0, 24 and 48h.
(Bottom) DLS traces of t-sob-LAyo after dilution at 500 pug/mL with PBS at 0, 24 and 48h.



