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Abstract

Dimethyl sulfoxide (DMSO) is currently employed across the biomedical field, from cryopreservation
to in vitro assays, despite the fact that it has been shown to have an assortment of biologically relevant
effects. The amphiphilic nature of DMSO along with its relatively low toxicity at dilute
concentrations make it a challenging solvent to replace. A possible alternative is Cyrene™
(dihydrolevoglucosenone), an aprotic dipolar solvent that is derived from waste biomass. In addition
to being a green solvent, Cyrene™ has comparable solvation properties and is reported to have low
toxicity. Herein the abilities of the two solvents to solubilize drug compounds and to act as non-
participatory vehicles in drug discovery for antibacterials are compared. It was demonstrate that the
results of standardised antimicrobial susceptibility testing do not differ between drugs prepared from
either Cyrene™ or DMSO stock. Moreover, in contrast to DMSO, Cyrene™ does not offer protection
from ROS mediated killing of bacteria and may therefore be an improvement over DMSO as a vehicle
in antimicrobial drug discovery.

Introduction

Dimethyl Sulfoxide (DMSO) is a ubiquitous solvent that is used across many scientific disciplines. In
particular, it finds wide use in the pharmaceutical industry due to its excellent capacity to solvate both
organic and inorganic compounds and its apparent low toxicity. Compound collections used for high
throughput screening (HTS) campaigns will almost exclusively be stored as stock DMSO solutions.'
DMSO is also a very common vehicle for both in vitro and in vivo bioactivity studies of small
molecules. However, it has been shown that the cytotoxic effects of DMSO can interfere with these
studies. For example, Forman et al. demonstrated that DMSO was cytotoxic to HeLa cells at
concentrations above 2% and has an inhibitory effect on cell growth at concentrations below 1%.2

In addition to simply interfering with bioassay results due to inherent toxicity, DMSO’s use as a
vehicle can be problematic due to interactions with drug molecules. Hall et al. investigated the effects
of DMSO on the in vitro activity of clinically approved platinum complexes used in cancer therapy,
such as cisplatin.> A significant decrease in their cytotoxicity against several cancer cell lines was
observed when stock solutions were prepared in DMSO, bringing into question much of the
laboratory-based literature which routinely uses DMSO. This loss of activity is attributed to ligand
exchange of the platinum complex due to the affinity of the nucleophilic of the soft sulfur donors of
DMSO and the lability of the monodentate ligands such as chloride.* Interestingly, limited loss of
activity was observed for oxaliplatin; however, subsequent work by Varbanov et al. has shown that
whilst oxaliplatin is stable in pure DMSO and pure water, an aqueous DMSO solution gives rise to



rapid oxaliplatin degradation and subsequent loss of activity.” DMSO has also found use as a vehicle
for quorum sensing inhibitor screening experiments, and a study by Guo et al. revealed that it
interferes with a number of bacterial processes.®!® It was shown to inhibit the production of the
pigment pyocyanin, and other virulence factors that are regulated by quorum sensing systems.

Conversely, in the field of antimicrobial susceptibility testing, there has been an expression of interest
to move towards the use of DMSO as a vehicle. For example, the antifungal agents echinocandins
showed a high degree of variability during minimum inhibitory concentration (MIC) testing for
comparison to clinical breakpoints.!! It was argued that this could be due to their relatively high
hydrophobicity and thus poor solubility in the standard vehicle for MIC testing, water.'? Fothergill et
al. have directly compared DMSO to water as vehicles for determining echinocandin MICs against a
collection of Candida sp. isolates and found that the former produces narrower MIC ranges and an
easier susceptible/resistant classification based on clinical break points.'* They also note that DMSO
produces lower MICs. Although the reasoning for employing DMSO during MIC testing for the
echinocandins was due to their potential poorer solubility in water, a consistent approach across all
antifungal MIC testing may be advantageous. To this end, Alastruey-Izuierdo et al. compared the
activity of the water-soluble drugs fluconazole and flucytosine when prepared in DMSO or water and
concluded that there was no difference in in vitro activity against Candida species.'

Despite interest in the use of DMSO for antifungal susceptibility testing, there is mounting evidence
suggesting that it is unsuitable due to DMSO’s radical scavenging ability.'>!'® Reactive oxygen species
(ROS) have been shown to play an important role in antimicrobial lethality.!”!® For example, in
Escherichia coli, generation of ROS, such as superoxide, hydrogen peroxide, and hydroxyl radicals,
contribute to fluoroquinolone induced cell death.' If ROS are involved, then compounds that have
antioxidant or radical scavenging properties, such as DMSO, may interfere with antimicrobial
lethality. Recently, Mi et al. showed that the use of DMSO protects E. coli from rapid antimicrobial-
mediated Killing through reduction of intracellular ROS levels.?

Due to the potential problems associated with the use of DMSO as a vehicle, it has been suggested
that alternative solvents should be employed for solubilising drugs.?! For example, Yoganatharajh et
al. (2018) examined the use of ionic liquids as a potential replacement for DMSO in Zebrafish models
as both solubilising agents and permeation agents.?? A possible alternative dipolar aprotic solvent® to
dimethyl sulfoxide is the bio-available compound Cyrene™ (1), dihydrolevoglucosenone, which is
synthesized from waste cellulose.?* Cyrene™ (1) has similar properties to other dipolar aprotic
solvents, such as DMSO, and it has been put forward as a green, bio-based alternative for this class of
solvent (Figure 1). Importantly, Katz and co-workers reported data from F. Hoffmann La Roche Ltd.
that Cyrene™ had low mutagenicity (LDso > 2000 mg/kg) and low ecotoxicity.?>*® Since being
proposed by Clark and co-workers in 2014 as a potential bioavailable solvent, Cyrene™ (1) has been
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utilized in a number of applications?’ in the areas of materials science
organic synthesis.’*** Interestingly, a number of processes were not compatible with Cyrene™ (1) as
a solvent, including bio-catalysis applications® and situations where it could act as an electrophile.*®
It is therefore important to ascertain its viability as a vehicle in biological systems. In this paper we
seek to demonstrate that Cyrene™ can be used as a direct replacement for DMSO in antibacterial

screening for novel drug design against representative examples from the ESKAPE pathogen set.
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Figure 1. Comparison of physical properties of DMSO and Cyrene™ (1)

Results and Discussion
A comparison of the toxicity DMSO and Cyrene™ towards bacteria

We first compared the antibacterial activity of DMSO and Cyrene™ by measuring their minimum
inhibitory concentrations (MIC) against representatives from the ESKAPE pathogens (Table 1). This
group of pathogens was chosen as they are of interest in current antibacterial drug design efforts
across the globe due to their recalcitrance to treatment.’’” Moreover, the majority of the ESKAPE
pathogens appear on the World Health Organisation’s priority pathogens list.*® Although the MICs of
Cyrene™ are lower than those for DMSO across the ESKAPE pathogens, they do not indicate a
bacterial toxicity that rules out Cyrene™’s use as a replacement vehicle. The typical solvent quantity

in antibacterial assays is approximately 0.5% v/v, which is well below the MIC of Cyrene™ for all
bacteria investigated.

MIC (%vol/vol)

Solvent

S. aureus

E. faecalis

E. coli

P. aeruginosa
A. baumanii
K. pneumoniae

DMSO 16% 8% 10% 16% 16% 16%

Cyrene™ 8% 4% 5% 8% 8% 8%
Table 1: MICg values of DMSO and Cyrene™.

A comparison of the solubilising properties of Cyrene™ and DMSO

Next, Cyrene™ and DMSO were compared as vehicles for standard antibacterials in MIC tests. We
chose to mimic the drug discovery screening process in academia, rather than clinical antimicrobial
susceptibility testing. Specifically, the following pragmatic protocol was used when preparing
antibacterial stock solutions:

1. A target stock concentration of 10 mM was set.

2. Half of the required organic solvent (Cyrene™ or DMSO) volume was added to an

appropriate quantity of the solid antibacterial.

If complete dissolution was observed then the rest of the organic solvent was added.

4. If complete dissolution was not observed then the rest of the volume was made up with
molecular biology grade water (operating under the assumption that the compound was likely
more soluble in aqueous rather than organic environments).

5. If complete dissolution was still not achieved, then, depending on the observations on the
previous solvent additions, the stock was diluted with an appropriate solvent.
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A representative panel of antibacterials from a number of different classes was chosen for this
investigation, including tetracyclines (specifically, tetracycline), glycopeptides (vancomycin),
fluoroquinolones (ciprofloxacin, levofloxacin) polymyxins (colistin, polymixin B) beta-lactams
(penicillin G) and aminoglycosides (tobramycin). It should be noted that whilst these compounds are
well-studied and thus their solubility profiles are known, we chose to attempt to dissolve each in the
organic solvent (Cyrene™ or DMSO) first, even when better aqueous solubility was known. This
reflects the more common occurrence of compounds within the discovery phase of the drug
development process tending to have poor aqueous solubility profiles, and thus standard practice in
academic labs would be to attempt make stock solutions up in DMSO first. Table 2 outlines the
qualitative observations on stock solution preparation. The panel of antibacterial drugs under
investigation do have different solubility profiles for Cyrene™ and DMSO. In particular, Cyrene™
outperformed DMSO on two occasions (Colistin and polymyxin), and DMSO outperformed Cyrene™
once (Penicillin G). Based on this we do not claim that Cyrene™ has greater solubilising power,
however, the evidence would suggest that it is at least comparable to DMSO in its solubilising power.

Antibacterial Cyrene™ Stock Preparation  DMSO Stock Preparation

Tetracycline 10 mM in Cyrene™. 10 mM in DMSO.

Vancomycin Hydrochloride 10 mM in 50/50 Cyrene/Water. 10 mM in 50/50 DMSO/Water.

Ciprofloxacin Hydrochloride 10 mM in 50/50 Cyrene/Water. 10 mM in 50/50 DMSO/Water.

10 mM in 50/50
Cyrene™/Water. (Adjusted to
5 mM in 25/75 Cyrene/Water
for later comparison purposes.)

Colistin Sulfate 5 mM in 25/75 DMSO/Water.

10 mM in 50/50 DMSO/Water.
Penicillin G Sodium 6.7 mM in 33/66 (Adjusted to 6.7 mM in 33/66
Cyrene™/Water. Cyrene/Water for later

comparison purposes.)

Not soluble in DMSO/water
10 mM in 50/50 down to 10% DMSO. (10 mM
Cyrene™/Water. in water used for later

comparison purposes.)

Polymixin B Sulfate

. 10 mM in 50/50 :
Tobramycin Cyrene™/Water. 10 mM in 50/50 DMSO/Water.

Levofloxacin 10 mM in Cyrene™. 10 mM in DMSO.

Table 2: Antibacterial solubility profiles in DMSO and Cyrene™.

As the preparation of stock solutions provided only qualitative data on comparative solubility, we
sought to better demonstrate the solubilising power of Cyrene™ compared to DMSO. To this end °F
NMR, which is a proven technique for the quality and quantity assessment of pharmaceutical
products, was employed.**** Thus the solubility of the fluorine containing pharmaceutical drug
levofloxacin in both DMSO and Cyrene™ was probed using hexafluorobenzene as the internal
standard. It was found that both DMSO and Cyrene™ dissolved all of the compound at concentrations
of both 1.0 mM and 0.1 M (Table S1). Thus, Cyrene™ is just as effective as DMSO at solvating
levofloxacin.

A comparison of MICs of standard antibacterials against ESKAPE pathogens in DMSO and
Cyrene™



We next sought to determine whether there was a difference in activity between antibacterial drugs
prepared for testing in either DMSO or Cyrene™. To this end, in vitro antibacterial susceptibility
testing was carried out on the set of antibacterial compounds against the ESKAPE pathogens, using
the previously outlined DMSO or Cyrene™ stocks. The MICs are shown in table 2. The activity
profiles of the set of antibacterial drugs is in line with expectations based on the literature. For
example, Penicillin G lacks activity against all but S. aureus, which is only at an MIC of 34 pM and
Vancomycin only has measurable activity against the Gram-positive bacterial pathogens at 0.39 uM
and 13 uM against S. aureus and E. faecalis, respectively. Significantly, the MICs obtained using
drugs prepared in DMSO are identical to those obtained to those prepared in Cyrene, except in two
cases. Against A. baumanii, tetracycline was found to have an MIC of 25 pM in DMSQO, but 12.5 uM
in Cyrene and against E. faecalis, Levofloxacin was found to have an MIC of 0.19 uM in DMSO, but
0.39 puM in Cyrene. Although there was a difference in these two cases, they were both within one
dilution within the experimental set up.
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Tetracycline 0.78 0.78 NA NA 313 313 25 25 25 125 NA NA

vancomyell 539 539 13 13 NA NA NA NA NA NA NA NA
Hydrochloride

Ciprofloxacin — 616 039 039 0019 0019 039 039 16 16 039 0.39
Hydrochloride

Colistin NA NA NA NA 078 078 31 31 16 16 16 16
Sulfate

Penmicillim =G 3,34 NA NA NA NA NA NA NA NA NA NA
Sodium

Polymixin B\ NA NA NA 16 16 31 31 16 16 16 16
Sulfate

Tobramycin NA NA NA NA 078 078 16 16 31 31 13 13
Levofloxacin  0.78 0.78 0.19 0.39 0.019 0.019 1.6 1.6 039 039 0.78 0.78
Table 2: MICg values of a panel of antibacterial drugs measured in either DMSO or Cyrene™ against

the ESKAPE pathogens. NA denotes no activity at the highest tested concentration.

We were also interested in how Cyrene™ would compare with DMSO in its long-term preservation of
dissolved antibacterial drugs. To assess this, the DMSO and Cyrene stock solutions were stored in a -
20 °C freezer for approximately 16 weeks, thawed and then subjected to antimicrobial susceptibility
testing against E. coli. All MICs in this additional assay were identical to the first indicating no loss of
activity of the stock solutions over this time (data not shown).

A comparison of protection from ROS mediated killing of DMSO and Cyrene™

Next, the effects of DMSO and Cyrene™ on antimicrobial-induced ROS-mediated post-stress
programmed cell death on all of the ESKAPE pathogens was compared, adapting a literature



method.?® This was achieved by treating a bacterial culture with 2 x MIC of ciprofloxacin for 90 mins
and then plating out onto either drug-free agar containing either 2% DMSO, 2% Cyrene™ or no
treatment (figure 2). After plating, these cells die from a poststress self-destructive process that
involves ROS; however, if the solvent added to the agar affords protection from ROS-mediated cell
death then an increase in colony forming units will be observed. Only post-stress effects were
examined so as to avoid co-treatment with antibacterial and solvent as this could confound the results
due to the potential for synergistic effects. In particular, the known cell permeabilisation capacity of
DMSO. Across all ESKAPE pathogens investigated, addition of DMSO to the agar afforded at least a
2-3-fold protection from cell death, with E. coli showing around an 8-fold protection (figure 2). These
data are consistent with DMSO reducing intracellular ROS levels and thus protecting cells from
antimicrobial-mediated death. This also corroborates Mi et al.’s findings which demonstrated a 23-
fold protection of DMSO against E. coli BW25113 when treated with 15 x MIC of oxolinic acid.?
However, this is in contrast to the Cyrene™ treated agar which shows similar levels of cell death to
the untreated agar, suggesting Cyrene™ offers no protection from intracellular ROS levels.
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FIG 2 DMSO but not Cyrene™ protects ESKAPE pathogens from stress-induced ROS-mediated
programmed cell death.

Conclusion
Cyrene™ has been found to be slightly more toxic to bacteria of the ESKAPE pathogen set than
DMSO. However, the lowest MIC of Cyrene™, of 5% v/v against E. coli, is 10-fold higher than the



maximum percentage of organic solvent that would usually be present as a vehicle, thus Cyrene™ is
suitably non-toxic to bacteria. We have also demonstrated, both qualitatively and quantitatively, that
Cyrene™ and DMSO have comparable solubilising powers when used to prepare stock solutions of
common antibacterial drugs. Furthermore, Cyrene™ and DMSO give near-identical results when used
as vehicles in antibacterial susceptibility testing with common antibacterial drugs, including over
long-term storage, suggesting that Cyrene™ is an alternative to DMSO. Significantly, we have
demonstrated that, unlike DMSO, Cyrene™ does not protect the ESKAPE pathogens from stress-
induced ROS-mediated programmed cell death, which is a potential confounding feature of DMSO.

In summary, we have demonstrated the suitability of Cyrene™ as a replacement solvent for DMSO in
antibacterial susceptibility testing.
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