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phenyllactic acid ionic liquids and
evaluation of cytotoxicity to human cervical
epithelial cells†

Phoebe Crossley, ‡ad Yogesh Sutar,‡b Irina Tsoy,b Srushti Mukkirwar,b

Paweł Łaniewski, c Melissa M. Herbst-Kralovetz *cde and Abhijit A. Date *bef

Phenyllactic acid (PLA), is a naturally produced, broad-spectrum antimicrobial compound with activity

against bacteria and fungi. PLA can be produced by a variety of lactic acid bacteria, including vaginal

Lactobacillus species, which are healthy constituents of the vaginal microbiome with a protective role

against invading pathogenic bacteria and/or fungi. Additionally, PLA has been shown to exhibit anti-

inflammatory and immunomodulatory properties, overall indicating its therapeutic potential as an

intravaginally delivered compound for modulation of the vaginal microbiome. However, PLA has low

kinetic solubility in water. Hence, strategies to improve the solubility of PLA are necessary to facilitate its

intravaginal delivery. Using biocompatible cations, choline and carnitine, we successfully transformed

both D- and L-enantiomers of crystalline PLA into amorphous low-melting ionic liquids (ILs) with high

water solubility. We further evaluated the in vitro cytotoxicity of PLA ILs to human cervical epithelial cells.

Microscopic visualisation of cellular morphology using crystal violet staining and MTT cell proliferation

assay revealed that PLA ILs result in minimal morphological changes and low cytotoxicity to human

cervical epithelial cells. Overall, we successfully demonstrated that transforming PLA into ILs efficiently

enhances its solubility in water and these formulations are not toxic to human epithelial cells. This

investigation lays the groundwork for future testing of PLA ILs for their antimicrobial properties and

metabolic activity within the cervicovaginal microenvironment.
Introduction

Phenyllactic acid (3-phenyllactic acid or 2-hydroxy-3-
phenylpropanoic acid; PLA) is an organic phenolic acid, natu-
rally found in honey and foods and produced by lactic acid
bacteria (LAB).1 It is a common metabolite of many LABs,
including Lactobacillus species, which are widely found in the
healthy microbiomes of the human gut,2 bladder,3 and vagina.4

This metabolite gained signicant interest as a “green preser-
vative” in the food industry5,6 owing to its natural broad-
spectrum antimicrobial activity against bacteria7–10 and
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fungi.11,12 PLA exists in two optical isomeric forms known as
enantiomers, D-PLA and L-PLA, with D-PLA demonstrating
greater antimicrobial activity than L-PLA.13 Beyond the food
industry, PLA has been researched for vast applications in
agriculture,14 pharmaceutical,15 and cosmetic16 industries. In
addition, PLA has been investigated in the biomedical eld,
where it has demonstrated benecial metabolic functions,
including immunomodulatory17 and anti-inammatory
activity.18

Recently, we discovered that commensal vaginal Lactoba-
cillus species, including Lactobacillus crispatus, Lactobacillus
paragasseri, and Lactobacillus iners, were capable of producing
PLA in vitro.19,20 Within the lower female reproductive tract, it is
well established that microbiota dominated by Lactobacillus
spp. provide protection against pathogenic diseases, such as
sexually transmitted infections,21,22 urinary tract infections,23

and bacterial vaginosis.24,25 Lactobacilli achieve this by
producing lactic acid to maintain an acidic microenviron-
ment.26 However, the role of other metabolites produced by
lactobacilli, such as PLA and other aromatic lactic acids, is still
not well-known. An in vitro study showed that PLA is produced
by a bladder isolate of L. crispatus and exhibits antimicrobial
properties against Gram-positive, Gram-negative, and fungal
urogenital pathogens, such as Streptococcus agalactiae (also
RSC Adv., 2024, 14, 16083–16092 | 16083
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known as Group B Streptococcus), Klebsiella pneumoniae, and
Candida albicans.27 PLA's broad-spectrum antimicrobial prop-
erties, potential immunomodulatory functions, and its natural
production in the cervicovaginal microenvironment demon-
strate its promising applications as an intravaginally delivered
compound to maintain mucosal homeostasis in the lower
female reproductive tract. However, PLA has low kinetic solu-
bility in water, and it requires toxic solvents such as dimethyl
sulfoxide (DMSO) for the solubilisation of high quantities of
PLA. As DMSO cannot be used for vaginal delivery, a solubili-
sation strategy that uses biocompatible ingredients to solubilise
high quantities of PLA for intravaginal delivery is required.

Ionic liquids (ILs) are organic salts, composed solely of
cations and anions, with melting points lower than 100 °C. In
the past few years, ILs have received great attention in the
pharmaceutical and biomedical sciences as a novel delivery
strategy to improve the solubility, permeability, and bioavail-
ability of ionizable compounds.28,29 We hypothesised that
anionic PLA can interact with biocompatible cations to yield
biocompatible and highly soluble PLA ILs suitable for delivery
to various mucosal surfaces including the vagina.

In this study, we demonstrated that crystalline PLA can be
transformed into amorphous ionic liquids (PLA ILs), using
cations of natural origin (choline and carnitine), that have ∼55-
fold higher water solubility compared to D- and L-PLA. We
further conducted preliminary in vitro cytotoxicity testing of
these PLA ILs on human cervical epithelial cells to determine
their safety.
Methods
Materials

D-PLA and L-PLA were purchased from TCI Chemicals (Portland,
OR, USA). Choline bicarbonate was obtained from Sigma-
Aldrich (St. Louis, MO, USA). L-Carnitine free base was
purchased from Spectrum Chemical (Gardena, CA, USA).
Methanol (analytical reagent grade) was purchased from VWR
International (Radnor, PA, USA). All other chemicals used were
of analytical grade unless otherwise indicated.
High-pressure liquid chromatography method for PLA

To evaluate the purity of the synthesized D- or L-PLA ILs and for
the determination of their water solubility, a reverse phase-
HPLC method was developed. The HPLC apparatus consisted
of a Shimadzu LC2050C-3D system with a PDA detector.
Samples were run through a C18 precolumn and a Gemini C18

reverse-phase column [150 × 4.5 mm (I.D.)] with 5 mm particle
size packing (Phenomenex, Torrance, CA). The mobile phase
contained acetonitrile and 20 mM phosphoric acid solution in
water (25 : 75). The ow rate of the mobile phase was set at 0.8
mL min−1, the column oven was set at 45 °C, the injection
volume was 10 mL, and the detection was carried out at 210 nm.
The retention time for PLA was 5.5 min. For the standard curve,
D- or L-PLA stock solutions (0.1 mg mL−1) were prepared in
methanol. The stock solutions were diluted to obtain solutions
of various concentrations. The standard curve was obtained by
16084 | RSC Adv., 2024, 14, 16083–16092
injecting 5–25 mg mL−1 of PLA. All the experiments were per-
formed in triplicate.

Synthesis of Chol : D-PLA and Chol : L-PLA ILs

For the transformation of D-PLA and L-PLA into IL, choline
bicarbonate (Chol; 80 wt% solution, 0.605 mmol) was added
dropwise to the D-PLA and L-PLA (0.605 mmol for 1 : 1 molar
ratio; 1.210 mmol for 1 : 2 molar ratio) in an open round bottom
ask. The mixture was stirred at room temperature until the
CO2 effervescence stopped. Aer that, the mixture was dried on
a rotary evaporator at 60 °C for 1–2 h to remove water followed
by drying in a vacuum oven for 2 days to obtain a clear viscous
liquid product (yield: 98%).

Chol : D-PLA (1 : 1). 1H NMR (500 MHz, DMSO-d6) d 7.24–7.08
(m, 5H), 6.25 (s, 1H), 4.40 (s, 1H), 4.05 (s, 1H), 3.85 (d, J= 4.6 Hz,
1H), 3.63 (d, J = 8.5 Hz, 1H), 3.41 (dd, J = 8.6, 3.6 Hz, 2H), 3.11
(s, 9H), 2.99 (dd, J = 13.7, 3.1 Hz, 1H), 2.53–2.48 (m, 1H). 13C
NMR (500 MHz, DMSO-d6) d 175.72, 141.08, 129.50, 127.82,
125.45, 72.43, 67.28, 55.25, 53.32, 41.44.

Chol : D-PLA (1 : 2). 1H NMR (500 MHz, DMSO-d6) d 7.28–7.13
(m, 10H), 5.61 (s, 2H), 3.92 (dd, J = 8.6, 3.7 Hz, 2H), 3.84 (dq, J =
5.0, 2.6 Hz, 2H), 3.42–3.39 (m, 2H), 3.10 (s, 8H), 2.99 (dd, J =
13.7, 3.7 Hz, 2H), 2.64 (dd, J = 13.7, 8.6 Hz, 2H). 13C NMR (500
MHz, DMSO-d6) d 175.96, 139.80, 129.55, 127.96, 125.82, 71.96,
67.23, 55.28, 53.34, 40.81.

Chol : L-PLA (1 : 1). 1H NMR (500 MHz, DMSO-d6) d 7.28–7.01
(m, 5H), 6.48 (s, 1H), 4.36 (s, 1H), 3.85 (q, J = 5.4 Hz, 2H), 3.72–
3.65 (m, 1H), 3.44–3.40 (m, 2H), 3.12 (s, 9H), 3.00 (dd, J = 13.7,
3.1 Hz, 1H), 2.55–2.50 (m, 1H). 13C NMR (500 MHz, DMSO-d6)
d 175.99, 140.96, 129.53, 127.86, 125.52, 72.47, 67.28, 55.26,
53.26, 41.43.

Chol : L-PLA (1 : 2). 1H NMR (500 MHz, DMSO-d6) d 7.25–7.14
(m, 10H), 5.64 (s, 2H), 3.91 (dd, J = 8.5, 3.6 Hz, 2H), 3.86–3.81
(m, 2H), 3.40 (dd, J = 6.7, 3.4 Hz, 2H), 3.10 (s, 9H), 2.99 (dd, J =
13.7, 3.6 Hz, 2H), 2.64 (dd, J = 13.7, 8.6 Hz, 2H). 13C NMR (500
MHz, DMSO-d6) d 175.72, 139.61, 129.37, 127.79, 125.66, 71.77,
67.00, 55.11, 53.11, 40.62.

Synthesis of Car : D-PLA and Car : L-PLA ILs

An equimolar quantity (0.620 mmol) of L-carnitine (Car) and D-
PLA or L-PLA were dissolved in 10 mL of methanol. The mixture
was stirred on a magnetic stirrer for 3 h at room temperature.
Aer that, the mixture was concentrated on a rotary evaporator
to obtain clear viscous liquid (yield: 99%).

Car : D-PLA. 1H NMR (500 MHz, DMSO-d6) d 7.31–7.07 (m,
5H), 5.58 (s, 2H), 4.36 (p, J = 6.4 Hz, 1H), 3.90 (dd, J = 8.5,
3.7 Hz, 1H), 3.35–3.29 (m, 2H), 3.12 (s, 9H), 2.99 (dd, J = 13.7,
3.6 Hz, 1H), 2.63 (dd, J = 13.7, 8.6 Hz, 1H), 2.31–2.21 (m, 2H).
13C NMR (500 MHz, DMSO-d6) d 176.12, 172.95, 139.85, 129.56,
127.96, 125.82, 72.00, 70.09, 63.07, 53.59, 41.25, 40.84.

Car : L-PLA. 1H NMR (500 MHz, DMSO-d6) d 7.27–7.14 (m,
5H), 6.58 (s, 2H), 4.36 (p, J = 6.8 Hz, 1H), 3.91 (dd, J = 8.6,
3.7 Hz, 1H), 3.33 (d, J = 3.7 Hz, 2H), 3.12 (s, 9H), 2.99 (dd, J =
13.7, 3.6 Hz, 1H), 2.64 (dd, J = 13.7, 8.6 Hz, 1H), 2.31–2.22 (m,
2H). 13C NMR (500 MHz, DMSO-d6) d 175.95, 172.76, 139.67,
129.39, 127.79, 125.65, 71.82, 69.91, 62.89, 53.41, 41.09, 40.66.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fourier-transform infrared (FT-IR) spectroscopy

The FTIR spectroscopy measurements were conducted on
a Nicolet iS10 Fourier-Transform Infrared (FTIR) Spectropho-
tometer (Thermo Scientic, Waltham, MA) with a diamond
attenuated total reection (ATR) unit. FTIR spectra were ob-
tained in ‘% transmission’mode from 4000 to 500 cm−1 with an
average of 16 scans for obtaining background.

Nuclear magnetic resonance (NMR) spectroscopy

NMR spectra were obtained using a Bruker Avance Digital 500
MHz NMR spectrometer (Bruker Corp., Billerica, MA) and an
automatic sample changer, the BACS1. A 5 mm PABBO BB-1H/D
Z-GRD probe was mounted onto the spectrometer. The 13C
spectrum of each sample was recorded using an average of 1000
scans, and the 1H spectrum of the rened products (6–8 mg)
was obtained using an average of 16 scans in dimethyl sulf-
oxide-d6 (Cambridge Isotope Laboratories, Inc., Tewksbury,
MA). Chemical changes were reported in parts per million
(ppm) units.

Thermogravimetric analysis (TGA)

TA Instruments Discovery TGA 5500 (TA instruments, New
Castle, DE, USA) was used to analyse pure PLA, carnitine, and
various PLA ILs. The samples were accurately weighed (2–5 mg)
in platinum pans and placed onto the autosampler. The
samples were heated from 30 °C to 350 °C at 10 °C min−1;
nitrogen was purged at a rate of 25 mL min−1. TRIOS soware
(TA instruments, New Castle, DE, USA) was used to analyse the
data.

Differential scanning calorimetry (DSC)

The TA Instruments DSC 2500 RCS40 cooling unit (TA instru-
ments, New Castle, DE, USA), calibrated with indium, was used
to record thermograms of pure compounds of D-PLA, L-PLA,
carnitine, and their corresponding ILs. The samples were
weighed (6–10 mg) and hermetically sealed in Tzero aluminium
pans, along with an empty reference Tzero pan. The atmosphere
was inert because of nitrogen purge at a rate of 25 mL min−1.
The samples were heated from 30 °C to the temperature
equivalent to a 5% weight loss point with a 5 °C min−1 ramp for
each sample to observe thermal transitions. The glass transition
temperature (Tg) for each sample was recorded in the cool/heat
run at 5 °C min−1 ramp from 30 °C to −80 °C, and from −80 °C
to 30 °C. TRIOS soware (TA instruments, New Castle, DE, USA)
was used to analyse the data.

Powder X-ray diffraction (PXRD) spectroscopy

The crystallinity of samples was assessed using a Philips PAN-
alytical X'Pert PRO MPD (Malvern Panalytical, Malvern, UK)
with a copper X-ray source (Ka radiation with l = 1.5406 Å). The
PLA, carnitine, or PLA ILs were placed into a 20 × 20 mm
sample holder pocket that was 0.2 mm deep and the surface was
leveled. The diffraction pattern of the samples was acquired at
room temperature by scanning across a range of 5.0 to 70.0° (2q)
at a speed of 0.63° per second.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Equilibrium solubility and pH determination studies

The equilibrium solubility of D-PLA, L-PLA, and their ILs was
determined using a previously reported method.30 An excess
amount of D-PLA, L-PLA, or their ILs was added in an Eppendorf
tube containing 1 mL of water. The samples were placed on an
orbital shaker set at a speed of 200 rpm and were equilibrated at
room temperature for 24 h. Aer 24 h, the samples were
centrifuged, the supernatant was ltered using a 0.22 mm
syringe lter and further diluted using methanol as necessary.
The D-PLA or L-PLA content in the supernatant was analyzed
using the HPLC method to calculate the equilibrium solubility.
Further, the pH values of D-PLA, L-PLA, and their ILs dissolved in
water were determined using a VWR 1100L pH meter.

Human endocervical epithelial cell culture

Human endocervical epithelial cell line (A2EN), generated from
human endocervical explant tissue,31 was cultured as mono-
layers in keratinocyte serum-free medium (KFSM) supple-
mented with recombinant epidermal growth factor (5 ng mL−1),
bovine pituitary extract (50 mg mL−1; Gibco), CaCl2 (22 mg
mL−1; Sigma-Aldrich), and primocin (100 mg mL−1; InvivoGen,
San Diego, CA), herein referred to as A2 medium, at 37 °C under
5% carbon dioxide (CO2) atmosphere.

Preparation of PLA ILs and pH solutions

Prior to cytotoxicity testing, PLA ILs were diluted to 1 M
concentrations with distilled water and ltered using a sterile
0.2 mm syringe lter. Solutions with pH ranging from 4 to 7.5
were prepared by adjusting the pH of A2 media with hydro-
chloric acid (HCl), following ltration using a sterile 0.2 mm
syringe lter.

Crystal violet staining for cervical cell morphology

Cervical cell morphology following PLA IL treatment was
visualised using 2.3% crystal violet stain with 0.1% ammonium
oxalate and 20% ethanol (Sigma-Aldrich). Cervical cell mono-
layers were seeded into a tissue-treated 24-well microtiter plate
(Falcon) at a density of 1.5× 105 cells per well and incubated for
24 h at 37 °C under 5% CO2. Two-fold serial dilutions of each
PLA IL were prepared and aliquoted into respective wells to
obtain nal concentrations of 3.125 to 100mM. Deionised water
and 1% conceptrol (v/v), containing the detergent, nonoxynol-9,
were used as negative and positive controls, respectively.
Following 24 h incubation at 37 °C under 5% CO2 atmosphere,
adhered cells were stained with 100 mL of crystal violet for 5
minutes, washed thoroughly with deionised water until clear,
and imaged at 10× magnitude using a bright-eld microscope
(Olympus IX71). HCl solutions (with pH ranging from 4 to 7.5)
were also tested for cell morphology changes following the same
protocol.

MTT assay for cervical cell proliferation

Cervical cell monolayers were seeded into a tissue-treated 96-
well microtiter plate (Corning Costar) at a density of 2.0 × 104

cells per well and incubated for 24 h at 37 °C under 5% CO2.
RSC Adv., 2024, 14, 16083–16092 | 16085
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Cells were treated with each PLA IL at concentrations ranging
from 3.125 to 100 mM and incubated for 24 h (37 °C under 5%
CO2). MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] (AMRESCO) solution was added to wells at a nal
concentration of 0.45 mgmL−1 per themanufacturer's protocol.
Absorbance was measured at 570 nm (reference 650 nm) and
recorded using the Sare II Multi-Mode Microplate reader
(Tecan, Männedorf, Switzerland). Percentage cell viability was
calculated as [sample absorbance − media background
absorbance]/[control absorbance − media background absor-
bance] × 100. At least three independent biological replicates
were performed per PLA IL. HCl solutions (pH 4–7.5) were also
tested following the same protocol.

Statistical analysis

All statistical analyses were performed using Prism 9.0 soware
(GraphPad, San Diego, CA). Two-way ANOVA with Bonferroni's
adjustment was used to compare MTT data between PLA ILs
and untreated controls. The analysis was conducted on at least
three independent biological replicates and displayed as mean
with standard error of the mean (SEM). P values <0.05 were
considered statistically signicant.

Results
D-PLA as well as L-PLA can be converted to viscous ILs using
biocompatible cations

We used previously reported metathesis reaction conditions to
enable interaction between choline bicarbonate and D- or L-PLA,
at different ratios. As anticipated, choline bicarbonate and D- or
L-PLA neutralised each other yielding viscous liquids and
carbon dioxide gas as a by-product (Scheme 1A and B). Aer
complete drying in a vacuum oven for 48 h, Chol : D-PLA and
Chol : L-PLA (both in the ratio of 1 : 1 and 1 : 2) remained as clear
viscous ILs. The Car : PLA ILs were synthesised by mixing
Scheme 1 Synthesis scheme for the development of (A) Chol : D-PLA
(1 : 1) and Chol : L-PLA (1 : 1), (B) Chol : D-PLA (1 : 2) and Chol : L-PLA (1 :
2), and (C) Car : D-PLA (1 : 1) and Car : L-PLA (1 : 1).

16086 | RSC Adv., 2024, 14, 16083–16092
carnitine base and D- or L-PLA in methanol as previously re-
ported for carnitine ILs (Scheme 1C). Car : D-PLA and Car : L-PLA
were also found to be clear viscous ILs.
Spectroscopic, chromatographic, and thermal
characterization techniques conrmed the formation and
purity of PLA ILs

To conrm the formation and purity of PLA ILs, we used FT-IR
spectroscopy, HPLC, 1H NMR spectroscopy, and thermal tech-
niques. The FT-IR spectrum of D-PLA or L-PLA showed a sharp
peak at ∼3400 cm−1 and a broad peak at ∼2900 cm−1 corre-
sponding to the hydroxyl –OH stretch and carboxylic acid –OH
stretch respectively (Fig. 1). The spectra also demonstrated the
peak of carboxylic acid (–C]O) stretch at 1726 cm−1. Similarly,
the FT-IR spectrum of carnitine showed the hydroxyl stretching
and bending at 3388 and 1580 cm−1, while the peak at
1687 cm−1 corresponds to the carboxylic acid (–C]O) stretch.
Upon the formation of Chol : D-PLA (1 : 1) and Chol : L-PLA (1 : 1)
ILs, the carboxylic acid stretch of PLA disappeared, whereas the
hydroxyl stretching peak of PLA and choline merged. The new
Fig. 1 FTIR characterisation of D- and L-PLA, carnitine and its corre-
sponding ILs. The FTIR spectra of PLA ILs show disappearance of or
significant shifts in –C]O stretch of PLA indicating its interaction with
the choline and carnitine base.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Thermogravimetric analysis (TGA) of PLA, carnitine and
various PLA ILs. Chol : D-PLA (1 : 2) and Chol : L-PLA (1 : 2) displayed
higher thermal stability compared to pure PLA. (B) T5% (onset
temperature at 5% mass loss) of PLA and its ILs observed in the TGA
analyses. (C) Differential scanning calorimetry (DSC) thermogram of D-
and L-PLA and its ILs. The thermal behaviour of samples was recorded
upto the temperature corresponding to their T5%. The disappearance
of PLA melting peak in PLA ILs indicates the amorphization of PLA
because of the interaction between PLA and counterions. (D) Deter-
mination of the glass transition temperature (Tg) of D- and L-PLA and its
choline/carnitine based ILs.
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peak at ∼1595 cm−1 corresponds to the –OH bending of
choline. The FT-IR spectrum of Chol : D-PLA (1 : 2) and Chol : L-
PLA (1 : 2) showed the peak of carboxylic acid stretch because of
an extra mole of PLA but with a signicant shi (1720 cm−1).
Similarly, carnitine-based PLA ILs demonstrated a signicant
shi in the peaks corresponding to –C]O stretching and –OH
bending (Fig. 1). The FT-IR observations indicate the electro-
static interactions between D- or L-PLA and biocompatible
cations.

1H NMR spectrum of D-PLA, L-PLA, Chol : D-PLA, Chol : L-PLA,
Car : D-PLA, and Car : L-PLA conrmed the formation of ion pair
(Fig. 2). The signal from the –COOH of the D-PLA (12.30 ppm) as
well as L-PLA (12.47 ppm) disappeared in the NMR spectra of all
PLA ILs (Fig. 2A and B) conrming the electrostatic interaction
between PLA and counter ions (Fig. 2A and B). The hydroxyl
proton shis of D-PLA and L-PLA (5.30 ppm) showed signicant
displacement in all PLA ILs. Additionally, the proton adjacent to
the hydroxyl group of the PLA (–CH : 2) showed prominent
displacement in the NMR spectra of all PLA ILs. This could be
due to the hydrogen bonding and steric hindrance of the cor-
responding counterions. We conrmed the purity of the syn-
thesised PLA ILs using HPLC (Fig. S13†).

Thermogravimetric analysis (TGA) was used to determine the
thermal stability of pure PLA, carnitine, and PLA ILs, and the
temperature corresponding to the 5% loss of the total mass of
the sample was measured (T5%). The T5% was reached at
156.07 °C for the pure L-PLA compound, while for the pure
carnitine free-base, it was at 189.9 °C (Fig. 3A and B). The T5%
for Car : L-PLA (1 : 1) and Car : D-PLA (1 : 1) ILs was at 82.38 °C
and 76.1 °C, respectively. The Chol : D-PLA (1 : 1) and Chol : L-
PLA (1 : 1) IL T5% were almost similar, 94.3 °C and 93.72 °C,
respectively. However, T5% values increased to 198.94 °C and
159.59 °C for Chol : D-PLA (1 : 2) and Chol : L-PLA (1 : 2) respec-
tively. Thus, carnitine-based PLA (1 : 1) and choline-based PLA
(1 : 1) ILs showed a decrease in thermal stability while Chol :
PLA ILs (1 : 2) demonstrated improvement.

The differential scanning colorimetric (DSC) analysis of D-
PLA, L-PLA, carnitine free base, and all PLA ILs is shown in
Fig. 3C. The DSC thermogram of both L- and D-PLA showed
Fig. 2 1H NMR spectra of D-PLA ILs (A) and L-PLA ILs (B) showed the d
significant displacement of hydroxyl proton (–OH : 3) and proton adjace
spectrum of PLA ILs. This indicates the ionic interaction between D and

© 2024 The Author(s). Published by the Royal Society of Chemistry
sharp endotherm at 125 °C and 124.4 °C respectively, which
conrms their crystallinity. The thermograms of carnitine-
based ILs and choline-based ILs of PLA did not show the
melting peaks of PLA. All PLA ILs showed a slight change in
baseline [∼70 °C in Car : PLA (1 : 1), ∼130 °C in Chol : PLA (1 : 2)
and ∼90 °C in Chol : PLA (1 : 1)], corroborating the TGA data of
isappearance of carboxylic acid proton shift of PLA (–COOH : 1) and
nt to a hydroxyl group (–CH : 2) of PLA was observed in the 1H NMR

L-PLA and counterions.
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these ILs (Fig. 3A and B). The DSC thermograms of PLA ILs
suggest the total distortion of PLA crystalline lattice and
conversion into the amorphous form.

The glass transition (Tg) temperatures of Chol : D-PLA (1 : 1)
and Chol : L-PLA (1 : 1) ILs were −63.53 °C and −59.29 °C,
respectively (Fig. 3D) whereas the Tg temperatures for Chol : D-
PLA (1 : 2) and Chol : L-PLA (1 : 2) ILs drastically increased to
−41.29 °C and −39.35 °C, respectively, suggesting the differ-
ential amorphicity because of extra moles of PLA in choline-
based IL. The Tg temperature for Car : D-PLA (1 : 1) and Car : L-
PLA (1 : 1) compounds were almost similar to that of Chol : D-
PLA (1 : 2) and Chol : L-PLA (1 : 2) ILs (Fig. 3D). The appearance
of the Tg curve in all PLA ILs conrms the total amorphization of
crystalline PLA.

X-Ray diffractogram of D- and L-PLA, carnitine, and choline-
based ILs is shown in Fig. 4. Pure D-PLA showed sharp diffrac-
tion peaks at 2q of 15, 18, 21, and 26° and L-PLA displayed peaks
at 15, 18, 21, 24, and 26°, conrming their crystallinity. Simi-
larly, L-carnitine demonstrated sharp diffraction peaks at 9, 19,
22, and 28°. The absence of diffraction peaks in the X-ray dif-
fractogram of all PLA ILs (Fig. 4) proves that choline and
carnitine successfully converted PLA into amorphous form.
Fig. 4 X-ray diffractogram of D- and L-PLA, carnitine free base, and its
corresponding ILs. All the PLA ILs showed the absence of characteristic
X-ray diffraction peaks corresponding to PLA and carnitine which
confirms the formation of IL with full amorphization.

16088 | RSC Adv., 2024, 14, 16083–16092
PLA ILs demonstrate high water solubility

The experimental saturation solubility of D- and L-PLA in water
was found to be 33.15 ± 0.44 and 25.67 ± 1.02 mg mL−1

respectively (Table 1). On the contrary, all PLA ILs showed
signicantly higher aqueous solubility (Table 1) irrespective of
the cation type, PLA isomer, and the ratio of PLA to cation. As
expected, upon formation of an ionic bond with hydrophilic
counterion like choline at a 1 : 1 molar ratio, the solubility of the
resulting IL of both the isomers of PLA increased signicantly
(Table 1). The pH of PLA ILs containing a 1 : 1 molar ratio of
choline and PLA showed alkaline pH (∼9) whereas Chol : D-PLA
(1 : 2), Chol : L-PLA (1 : 2), Car : D-PLA (1 : 1) and Car : L-PLA (1 : 1)
ILs showed acidic pH (∼4).

Low concentrations of PLA ILs are not cytotoxic to cervical
epithelial cells

To determine the cytotoxic effects of the synthesised PLA ILs on
the cervical epithelium, cervical epithelial cell morphology was
visualised by crystal violet staining following treatment with
Chol : D-PLA (1 : 1), Chol : L-PLA (1 : 1), Chol : D-PLA (1 : 2), Chol :
L-PLA (1 : 2), Car : D-PLA (1 : 1), and Car : L-PLA (1 : 1) ILs.
Untreated cells maintained a healthy, conuent monolayer with
a healthy ratio of cytoplasm to nuclear cellular content.
Following 24 h treatment with Chol : D-PLA (1 : 1) or Chol : L-PLA
(1 : 1), nomorphological changes were observed even at 100mM
(Fig. 5A and S14A†). However, following treatment with Chol :
PLA (1 : 2) and Carn : PLA (1 : 1) ILs, decreased cellular density
and increased cellular damage were observed at higher
concentrations of 100 to 25 mM (Fig. 5B, C and S14B and C†). At
lower concentrations of 12.5 to 3.125 mM, no morphological
changes were observed, and cell appearance was similar to
untreated controls. Car : D-PLA (1 : 1) and Car : L-PLA (1 : 1) ILs,
however, marginally reduced cell conuency at 12.5 mM
compared to Chol : D-PLA (1 : 2) and Chol : L-PLA (1 : 2). Cervical
epithelial monolayers were also treated with hydrochloric acid
(HCl) control solutions with pH ranging from 4 to 7.5 for 24 h
and stained with crystal violet to observe the effect of pH on cell
morphology. At low pH, similar morphological changes to high
concentrations of PLA IL were observed (Fig. 5D and S14D†).
This largely indicates that the observed morphological changes
at high PLA IL concentrations were likely due to the low pH of
the solutions and that, at lower concentrations, PLA ILs cause
no morphological changes to cervical epithelial cells.
Table 1 Solubility of D/L-PLA and their ILs in water. Data expressed as
mean ± standard deviation (S.D.); n = 3

Compound
Solubility in
water (mg mL−1) pH

L-PLA 25.67 � 1.02 3.2 � 1.6
D-PLA 33.15 � 0.44 2.9 � 1.2
Chol : L-PLA (1 : 1) 1379.5 � 1.6 8.78 � 1.4
Chol : D-PLA (1 : 1) 1493.8 � 2.5 9.02 � 1.7
Chol : L-PLA (1 : 2) 1253.1 � 1.8 3.87 � 2.5
Chol : D-PLA (1 : 2) 1483.7 � 1.5 3.86 � 1.9
Car : L-PLA 1534.2 � 1.3 3.87 � 0.4
Car : D-PLA 1461.4 � 1.5 3.96 � 0.3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 PLA ILs cause no morphological changes to human cervical
epithelial cells at low concentrations (#12.5 mM). Microscopy images,
at ×20 magnification, of crystal violet stained cervical epithelial (A2EN)
cells, grown as monolayers, following 24 h treatment with varying
concentrations of (A) Chol : D-PLA (1 : 1) and Chol : L-PLA (1 : 1), (B)
Chol : D-PLA (1 : 2) and Chol : L-PLA (1 : 2), and (C) Car : D-PLA (1 : 1) and
Car : L-PLA (1 : 1), and (D) HCl control solutions. Deionised water and
1% conceptrol were used as negative and positive controls,
respectively.
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To quantify changes in cell viability following PLA IL treat-
ment, we conducted MTT assays. MTT is only metabolised by
actively proliferating cells, thus is used to measure cellular
metabolic activity as an indicator of cell viability. Aer 24 h,
treatment with Chol : D-PLA (1 : 1) and Chol : L-PLA (1 : 1) ILs did
not signicantly reduce cervical epithelial cell viability, even at
high concentrations of 50 mM (Fig. 6A). On the other hand,
Chol : PLA (1 : 2) and Car : PLA (1 : 1) ILs signicantly reduced
cell viability at concentrations of 100 to 25 mM (P < 0.0001) and
100 to 12.5 mM (P < 0.0001), respectively (Fig. 6B and C).
Following treatments of 100–50 mM Chol : PLA (1 : 2) and 100–
25 mM Car : PLA (1 : 1), mean percentage cell viabilities were
reduced similarly to between 0.4–4.1% and 0.5–3.6%, respec-
tively. At 25 mM of Chol : PLA (1 : 2) and 12.5 mM of Car : PLA
(1 : 1), mean percentage cell viabilities increased to approxi-
mately 27.4% and 64.4%, respectively, although were still
signicantly different from untreated controls (P < 0.0001).
Fig. 6 PLA ILs cause no cytotoxicity to human cervical epithelial cells a
mined by MTT assay following 24 h treatment of cervical epithelial (A2
solutions: (A) Chol : D-PLA (1 : 1) and Chol : L-PLA (1 : 1), (B) Chol : D-PLA (1
1). Absorbance was measured at 570 nm (650 nm reference). Percentag
plotted as mean ± SEM, using at least 3 independent experiments per
Bonferroni's adjustment. Asterisks indicate significance: ****P < 0.0001;

© 2024 The Author(s). Published by the Royal Society of Chemistry
Interestingly, however, at lower concentrations (6.25 to 3.125
mM) of Chol : D-PLA (1 : 2) and Chol : L-PLA (1 : 2) ILs, we
observed signicantly increased cell viability compared to
untreated controls (P < 0.001). This trend was also observed at
3.125 mM of carnitine-based PLA ILs, although only signi-
cantly for the L-isoform (P < 0.01). ILs containing L-PLA overall
showed marginally greater toxicity than D-PLA. HCl controls
revealed that low pH, equivalent to the pH of Chol : PLA (1 : 2)
and Car : PLA (1 : 1) ILs at high concentrations, cause similar
level of cytotoxicity as corresponding ILs (Fig. S15†). These
ndings corroborate our crystal violet staining observations and
further demonstrate that choline-based PLA ILs had the least
impact on cervical epithelial cells morphology and cytotoxicity,
that low pH of ILs impact cell viability, and that all PLA IL
formulations cause no cytotoxicity at lower concentrations.
Discussion

A dysbiotic vaginal microbiome, characterised by depletion of
the optimal Lactobacillus-dominant community state and over-
growth of diverse anaerobes, can have a severe impact on
women's health and lead to increased risk of bacterial vaginosis
(BV), sexually transmitted infections (STIs), and pregnancy
complications. In turn, these can cause more life-threatening
consequences including gynaecological cancers, preterm
birth, spontaneous miscarriage, pelvic inammatory disease,
and endometritis.32 Current therapies for modulating the
vaginal microbiome largely rely on antibiotics and antifungals
to target infections, however, these are oen ineffective against
recurrent conditions, leading to overuse of antibiotics and
contributing to the growing incidence of bacterial resistance.
Several novel therapeutic approaches have therefore been
proposed with promising results, including probiotics, prebi-
otics, biolm disruptive agents, novel antimicrobials, and
vaginal microbiota transplant (VMT).33 We proposed that using
metabolites produced by healthy constituents of the vaginal
microbiome, such as PLA, would be a promising approach to
modulate the vaginal microbiome, aid in restoring homeo-
stasis, and reduce the risk of serious gynaecological and
obstetric outcomes. However, these metabolites would need to
be soluble and non-toxic to the cervicovaginal epithelium.
t low concentrations (#6.25 mM). Percentage cell viability was deter-
EN) cell monolayers with varying concentrations of PLA-ILs and pH
: 2) and Chol : L-PLA (1 : 2), and (C) Car : D-PLA (1 : 1) and Car : L-PLA (1 :
e cell viability was calculated relative to untreated control (100%) and
compound. Significance was determined using two-way ANOVA with
***P < 0.001; **P < 0.01; *P < 0.05.
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PLA has numerous promising antibacterial, antifungal, and
immunomodulatory properties but previous studies indicated
that a high concentration of PLA is required to elicit these
effects. Although the equilibrium solubility of D- and L-PLA in
water is > 25 mgmL−1 (Table 1), the kinetic solubility of D- and L-
PLA is considerably lower, and our preliminary studies and
previous reports27 show that toxic solvents such as DMSO and
ethanol are necessary to solubilise PLA. However, DMSO or
ethanol, due to their toxicity to human epithelial cells, would
not be appropriate for intravaginal delivery. Hence, a strategy
that uses biocompatible ingredients to yield high solubility of
PLA is needed to maintain its safety for use on human mucosal
surfaces.

In recent years, ionic liquids (ILs) have been extensively
researched for their use in biomedicine, due to their ability to
solubilise compounds for drug formulations or drug delivery
systems. Overall, ILs enable greater solubility, permeability, and
bioavailability of compounds. Although previously some ILs
have demonstrated toxic properties,34 this has been combated
through formulating ILs with more biocompatible counterions,
namely those of natural source.35 In the past decade, ILs based
on endogenous cation, choline, and organic acids have been
explored for numerous drug delivery applications due to their
excellent solubility, biocompatibility, and permeability across
various biological membranes including epithelial surfaces. For
example, choline-based ILs were identied to have enhanced
solubility and cause lower cytotoxicity to human keratinocyte
cells, compared to imidazole-based ILs, amongst the most
studied ILs, and were concluded as more suitable for incorpo-
ration into topical drug formulations.36 Further, they have been
investigated as drug delivery systems for anticancer agents37

and shown to signicantly enhance the solubility of
ibuprofen,38 both without inducing cytotoxicity.

While choline-based biocompatible ILs are being widely
explored for drug delivery, other biocompatible cations such as
carnitine have been minimally explored for the synthesis of
biocompatible ILs. Carnitine exists as two biologically active
enantiomers, L- and D-carnitine, of which only L-carnitine is
endogenously synthesised by the human liver, kidneys, and
brain. Although carnitine-based ILs are less studied, one report
showed they can be combined with ascorbic acid and benzoic
acid derivatives to enhance solubility in water and form anti-
oxidant ILs.39 Carnitine-based ILs have also been utilised to
synthesise herbicidal ionic liquids with low toxicity and
enhanced biodegradability,40 and to stabilise and solubilise
antimicrobial eye drops.41 Hence, we envisaged that endoge-
nous cations, choline and L-carnitine, could be readily used to
transform D- and L-PLA into ILs. Our previous studies show that
the biocompatible anion used for the synthesis of ILs impacts
the solubility and in vitro cytocompatibility of ILs.30,42 However,
the effect of biocompatible cation used for the IL synthesis on
the physicochemical properties and cytocompatibility of ILs was
not explored. Hence, we focused on the evaluation of the
physicochemical properties and cytocompatibility of choline or
carnitine-based PLA ILs.

Using previously reported methods, we were able to convert
both D- and L-PLA into viscous ILs using equimolar quantities of
16090 | RSC Adv., 2024, 14, 16083–16092
choline bicarbonate or L-carnitine. The NMR spectra of result-
ing D- or L-PLA ILs showed the absence of carboxylate proton of
PLA and signicant shis in other protons indicating the ionic
interaction between D- or L-PLA and cations. We used several
other characterisation techniques to conrm the formation and
purity of PLA ILs. As anticipated, the D- or L-PLA ILs containing
a 1 : 1 molar ratio of choline or carnitine showed >50-fold higher
aqueous solubility compared to pure D- or L-PLA. However, the
pH values of Chol : L-PLA (1 : 1) and Chol : D-PLA (1 : 1) were ∼9
mainly due to the high basicity of choline (pKa : 11.2). On the
contrary, Car : PLA (1 : 1) ILs showed pH value of ∼4 due to its
zwitterionic nature and low pKa (3.8) of carnitine. For effective
intravaginal delivery, the vaginal formulations should maintain
a pH akin to the acidic milieu in the vagina (pH∼ 4–4.5). Hence,
Car : PLA (1 : 1) ILs were deemed to be suitable for further
evaluation. However, to increase the acidity of choline-based
PLA ILs for intravaginal applications, we decided to synthesise
PLA ILs containing choline and D- or L-PLA at a 1 : 2 molar ratio.
The addition of another mole of D- or L-PLA to choline-based ILs
considerably impacted the thermal stability and glass transition
temperature of the Chol : PLA (1 : 2) ILs. Furthermore, the
inclusion of an additional mole of PLA in the ILs signicantly
reduced the pH from∼9 to a pH value of 4 making it suitable for
intravaginal application while maintaining the high water
solubility of PLA.

The PLA ILs of similar low pH, Car : PLA (1 : 1) and Cho : PLA
(1 : 2), differed only minimally in their in vitro cytotoxicity
analysis, in which slightly higher concentrations of Cho : PLA
(1 : 2) were tolerated by cervical epithelial cells compared to
Car : PLA (1 : 1). This indicates that either choline is a less toxic
counterion than carnitine or that a higher ratio of PLA aids in
reducing cytotoxicity. ILs with higher pH, Cho : PLA (1 : 1) ILs,
were considerably less cytotoxic than both Cho : PLA (1 : 2) and
Car : PLA (1 : 1) ILs. This pattern closely corresponded with
cytotoxicity observed with hydrochloric acid pH controls, indi-
cating that a more neutral pH results in reduced cytotoxicity,
and that the acidic pH of Car : PLA (1 : 1) and Cho : PLA (1 : 2)
may be the ultimate explanation for their cytotoxicity at high
concentrations. Since a lower pH of ILs is preferred for use in
the vaginal microenvironment, future formulations of PLA ILs
could involve their development into gels to help reduce the
impact of pH on the epithelium.

Interestingly, at low concentrations of Cho : PLA (1 : 2) ILs,
cell viability was signicantly enhanced compared to untreated
controls. This was not observed for Cho : PLA (1 : 1), and only
marginally for Car : L-PLA (1 : 1), further supporting that
a greater PLA ratio reduces cytotoxicity and may even enhance
epithelial cell growth. Physiological concentrations of lactic
acid produced by vaginal Lactobacilli sp. were recently shown to
enhance cervicovaginal epithelial barrier integrity by promoting
intracellular tight junction protein expression,43 and have also
demonstrated anti-inammatory activity.44 Although these
observations were not specic to aromatic lactic acids or PLA,
this provides a potential mechanism in which PLA ILs could
enhance the cervicovaginal epithelium as observed in the
present study. Future experiments utilising our human three-
dimensional (3D) cervical epithelial cell model,19,45 that
© 2024 The Author(s). Published by the Royal Society of Chemistry
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recapitulates the characteristics of human cervical epithelium,
could aid in elucidating the immunomodulatory and barrier-
protective role of PLA ILs in the cervicovaginal microenviron-
ment. Additionally, further cytotoxicity testing utilising
advanced in vitro models or a rabbit in vivo model will conrm
the safety of the PLA IL compounds for intravaginal use and
help identify the safest formulation for further development.
Use of the 3D model would also enable assessment of the
antibacterial, antifungal, and antiviral activities of the PLA ILs
following colonisation of the epithelial cells with commensal
vaginal microbiota or infection with pathogenic microorgan-
isms, including common vaginal STIs, fungi, and viruses.

Beyond the use of PLA ILs as vaginal microbiome modula-
tors, they could be highly applicable in other areas of biomed-
ical research due to the vast protective and immunomodulatory
properties of PLA. In a mouse model, it was found that PLA
upregulates intestinal peroxisome proliferator-activated
receptor g (PPAR-g) activity, a lipid metabolism regulator to
protect against metabolic dysfunction, generated by early-life
antibiotic exposure and high-fat diet, and ultimately prevent
early-life obesity.46 Aromatic lactic acids, including PLA,
produced by Bidobacterium species in the infant gut can
modulate gut health and immune development.47 Similarly,
PLA was found to protect against Salmonella enterica serovar
Typhimurium-induced colitis in mice by regulating intestinal
microbiota, increasing the abundance of Lactobacillus, and
eliminating inammation.18 Furthermore, PLA was previously
patented as a skin-protecting ingredient to reduce skin wrin-
kles,16 highlighting its potential role in the cosmetic industry.
When synthesised into a highly soluble, bioavailable IL, these
properties of PLA could now be fully exploited for pharmaceu-
tical use.
Conclusion

The quaternary biocompatible cations, choline, and carnitine,
could be used to transform phenyllactic acid into highly water
soluble phenyllactic acid ionic liquids using a salt metathesis
reaction. The formation of phenyllactic acid ionic liquids was
conrmed using spectroscopic and chromatographic tech-
niques. The structure and the ratio of the cation to phenyllactic
acid and the conformation of phenyllactic acid impacted the
solubility, pH, and cytocompatibility to cervical epithelial cells.
As previously stated, future studies are required to fully eluci-
date the effects of phenyllactic ionic liquids on the cervicova-
ginal microenvironment, including in vitro studies on vaginal
epithelial cells, 3D cell models, as well as clinical studies to fully
determine the safety and tolerability of phenyllactic acid ionic
liquid of interest.
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