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Abstract

Synthetic monorhamnolipids differ from biologically produced material because they are produced
as single congeners, depending on the B-hydroxyalkanoic acid used during synthesis. Each
congener is produced as one of four possible diastereomers resulting from two chiral centers at the
carbinols of the lipid tails [(R,R), (R,S), (SR) and (S,S)]. We compare the biodegradability (CO,
respirometry), acute toxicity (Microtox assay), embryo toxicity (Zebrafish assay), and cytotoxicity
(XCELLigence and MTS assays) of synthetic rhamnosyl-p-hydroxydecanoyl-B-hydroxydecanoate
(Rha-C10-C10) monorhamnolipids against biosynthesized monorhamnolipid mixtures (bio-mRL).
All Rha-C10-C10 diastereomers and bio-mRL were inherently biodegradable ranging from 34 to
92% mineralized. The Microtox assay showed all Rha-C10-C10 diastereomers and bio-mRL are
slightly toxic according to the US EPA ecotoxicity categories with 5 min ECsg values ranging
from 39.6 to 87.5 uM. The zebrafish assay showed that of 22 developmental endpoints tested, only
mortality was observed at 120 hours post fertilization; all Rha-C10-C10 diastereomers and bio-
mRL caused significant mortality at 640 uM, except the Rha-C10-C10 (R,R) which showed no
developmental effects. xCELLigence and MTS showed ICsq values ranging from 103.4 to 191.1
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UM for human lung cell line H1299 after 72 h exposure. These data provide key information
regarding Rha-C10-C10 diastereomers that is pertinent when considering potential applications.
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1 Introduction

The addition of surfactants to enhance remediation of contaminated sites can improve
remediation time and completeness [1]. However, use of surfactant amendments must be
carefully considered to ensure the treatment does not cause environmental harm or a
secondary contamination event, due to toxicity of the surfactant itself [2]. The use of bio-
based and biogenic surfactants as amendments in remediation applications is attracting
increased interest because they can be less toxic and more biodegradable than synthetic
compounds [1].

One family of biological surfactants that has been studied extensively with respect to
potential environmental applications is the rhamnolipids, which are produced primarily by
Pseudomonas aeruginosa strains. Rhamnolipids are considered “green” materials; they are a
renewable resource and generally accepted as more biodegradable and less toxic than
currently used synthetic surfactants [3]. Rhamnolipids have been examined as remediation
agents in numerous environmental applications to increase the solubility and biodegradation
of hydrocarbons [4-6], mobilize metals [7-11], decrease metal toxicity [12], modify cellular
characteristics and behavior [13], improve oil recovery [14], and for biocidal activity [15,
16]. Despite these potential applications, the technical and economic hurdles of biologically
producing rhamnolipids has limited the scale-up and use of these materials for remediation
and other applications [17, 18].

The generalized structure of biosynthesized rhamnolipid is a lipid unit, (R,R)-p-
hydroxyalkanoyl-B-hydroxyalkanoic acids (two esterified p-hydroxy fatty acids) of variable
chain lengths (C6-C14), that is trans-1,2-O-glycosylated by a mono- or disaccharide formed
from L-rhamnopyranosy! units [19-23]. Biosynthetic rhamnolipids are thus a congener
mixture of (R,R) rhamnolipids with more than 60 congeners reported [23].
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Recent advances in glycosylation research have enabled synthetic production of rhamnolipid
surfactants as an alternative to biological production. The chemical synthesis has high green
indices and uses minimal steps and renewable resources [24, 25]. There are two major
differences between synthetically and biologically produced rhamnolipids. First, the
synthetic methodology can produce a single congener with specific carbon chain lengths
whereas biosynthesized rhamnolipids are congener mixtures. Secondly, during biosynthesis
the stereochemical orientation at the secondary carbinol groups of the lipid tails is controlled
by stereospecific enzymes such that biosynthesized congeners have (R) as the absolute
configuration. In contrast, the chemical synthesis produces four diastereomers, (R,R), (R,S),
(S,9), and (S,R) (Fig. 1), in roughly equimolar amounts without additional tedious
separation steps at various points along the synthetic process. The (R,S), (S,S), and (S,R)
diastereomers represent novel molecules which have not been assessed for toxicity,
biodegradability, or useful applications. Yet, it is well-known that different chiral centers in
small organic molecules can alter toxicity [26], degradability, and transformation products
[27-29].

The objective of this study is to examine the biodegradability, eco-, and cyto-toxicity
characteristics of synthetic rhamnosyl-g-hydroxydecanoyl-B-hydroxydecanoate (Rha-C10-
C10) monorhamnolipid diastereomers relative to a biosynthetic monorhamnolipid congener
mixture. Rha-C10-C10 was selected because it is the most abundant congener (typically 75—
85%) produced by Pseudomonas aeruginosa ATCC 9027, the model strain used in this study
[30]. Biodegradability was assessed by CO, evolution (mineralization) in biometer flasks.
Toxicity was assessed using the Microtox bacterial acute toxicity assay, the zebrafish
developmental toxicity assay, and two human cell cytotoxicity assays: XxCELLigence Real-
Time Cell Analysis and MTS. The synthetic diastereomers were examined individually and
as a mixture and were compared to a congener mixture of biosynthetic monorhamnolipid,
hereafter referred to as bio-mRL.

2 Experimental

2.1 Monorhamnolipids

All assays tested the bio-mRL, the Rha-C10-C10 diastereomers, and their mixture, except
for the human cell cytoxicity assays which excluded the synthetic mixture. All
monorhamnolipid solutions were made in ultrapure water (=18 MQ-cm) using a molecular
weight of 504 g mol™1 and pH adjusted to 7.0 except where otherwise noted.

2.1.1 Biosynthesized Rhamnolipid

Bio-mRL Production.: Bio-mRL was produced by Pseudomonas aeruginosa ATCC 9027
which was obtained from the American Type Culture Collection (ATTC). This strain has
been previously shown to only produce monorhamnolipid congeners [4, 31]. The bio-mRL
was produced, harvested, and purified as previously described in detail [11]. Bio-mRL purity
was assessed by high performance liquid chromatography [31], and characteristics are
provided in Table 1. Critical micelle concentration (CMC), minimum surface tension, and
molecular area for this bio-mRL have been previously discussed [32].
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2.1.2 Synthetic Monorhamnolipids—Synthetic Rha-C10-C10 diastereomers were
synthesized as recently described [25]. Their production involves diastereomeric
chromatographic enrichment via enantiomer-diastereomer conversion, and therefore, small
amounts of other diastereomers with similar retention are unavoidably present [25].
Diastereomer purity was assessed by HPLC and is reported in Table 1 in terms of total %
monorhamnolipid in each sample. Subsequent NMR analysis also showed the presence of
small amounts of water due to the hygroscopic character of these molecules. Trace amounts
of the bismuth catalyst used in the synthetic process may also be present. These
diastereomeric Rha-C10-C10 monorhamnolipids were used in biodegradability and toxicity
tests without further purification. Differences in characteristics for these diastereomers,
including CMC, minimum surface tension, and molecular area, have been previously
discussed [25].

2.2 Biodegradability Testing

Mineralization of bio-mRL and Rha-C10-C10 diastereomers was measured by quantitation
of CO, as described previously with the following specifications [33]. Each experiment was
performed in triplicate sealed biometer flasks (Corning Life Sciences, Corning, NY) and
included a control treatment, also in triplicate, without added monorhamnolipid. The
microbial inoculum was aeration basin mixed liquor suspended solids (MLSS) from the Tres
Rios Water Reclamation Facility (Pima County, AZ). The MLSS was kept aerated and used
within 4 h of collection. Before addition to flasks, the MLSS was allowed to settle in a
graduated cylinder until the apparent volume of solids became constant. The supernatant was
decanted and reserved. The total reaction volume in each flask was 25 mL consisting of 2
mL settled MLSS flocculate, 15 mL MLSS supernatant, 6 mL EPA minimal salts medium
[34], and 2 mL monorhamnolipid (5 mg mL™1) solution in ultrapure water (final
concentration 400 mg L=1). Control flasks received 2 mL ultrapure water with no
monorhamnolipid. Flasks were shaken on a rotary shaker at 25 °C for 30 d and assayed for
CO, evolution every 24 h for the first 6 d and then every 48 h thereafter.

Carbon dioxide produced in the flasks was captured in 10 mL of 0.1 M KOH placed into the
biometer flask’s sidearm through the formation of K,COg3 ). The amount of CO, produced
was measured by titration; the sidearm solution was removed and mixed with
phenolphthalein indicator, 1 mL of 1 M BaCl, and 5 mL of water used to wash the sidearm.
This solution was titrated with 0.05 M HCI. The K;COgz ) reacts with BaCly ;4 to form
BaCO3s) Which prevents the release and recapture of CO, by unreacted "OH during
titration. All reagents were made with ultrapure water purged of CO, for 20 min with
nitrogen gas sparging.

Mineralization of the monorhamnolipid treatments was measured as percent mineralization
which was calculated using equation 1:

COZmRL

=X 100 (1)

%mineralization =
mRL
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where CO; nre is the moles of CO, from mineralized monorhamnolipid—
monorhamnolipid transformed in to CO,, H,0, and cell mass—and Cr. is moles of carbon
added as monorhamnolipid (based on MW 504 g mol~1). A monorhamnolipidfree control
was used to quantify CO» production from mineralization of carbon in the MLSS solids and
supernatant. Thus, CO, g Was calculated using equation 2:

COZmRL = COZtreatment - COZcontrol (2)

Where CO»3 treatment 1S Moles of CO-, produced for each treatment and CO» control 1S the
average moles of CO, measured in the monorhamnolipid-free controls.

Mineralization was calculated at the estimated transition from exponential phase to
stationary phase (filled symbols in Fig. 2). It is assumed that CO, production measured after
this transition point is due to endogenous decay (decay and degradation of new cells
produced) and this CO, was not included in calculations for estimated monorhamnolipid
biodegradation.

2.3 Microtox Acute Toxicity Assay

Bacterial acute toxicity of the surfactants was assessed using a Microtox Model 500 analyzer
(Modern Water Inc., New Castle, DE, USA). The Microtox assay assesses toxicity by
determining the effective concentration (ECsgg) at which a toxicant reduces bioluminescence
of the marine bacterium Aliivibrio fischeriby 50% relative to a toxicantfree control.
Reagents were sourced from Modern Water Inc. (New Castle, DE). Triplicate experiments
with monorhamnolipid solutions were tested as previously described [35]. In brief, a2 mM
monorhamnolipid stock solution was diluted to adjust the osmotic strength using the
Microtox osmotic adjustment solution as instructed by the manufacturer. The adjusted
solution was then 1:1 serially diluted using the Microtox diluent to create 9
monorhamnolipid concentrations (3.5-889 uM). Microtox diluent was used as the toxicant
free control. Initial bioluminescence was measured then the toxicant solutions were mixed
with the bacterium, and bioluminescence was measured at 5, 15, and 30 min to determine
the ECgq for each exposure time point.

2.4 Zebrafish Toxicity Assay

Monorhamnolipid toxicity during embryogenesis was investigated using Zebrafish (Danio
rerio). Embryos with intact chorions were exposed to the monorhamnolipid treatments from
6 to 120 h post-fertilization (hpf), following the protocol outlined in Truong et al. [36]
Briefly, at 6 hpf, embryos were placed manually in 96-well plates containing embryo
medium (90 L) consisting of (in mg L=1): NaCl (875.0), KCI (37.5), CaCly*H,0 (145.0),
KH,PO4 (20.5), NagHPO, (7.1), and MgSO4¢7H,0 (4.9). Monorhamnolipid samples were
added (10 pL) in the concentration range 0.064-640 pM, and 32 replicates were run for each
concentration and controls. All wells were normalized to 0.64% dimethylsulfoxide (DMSO)
to enhance monorhamnolipid solubility.
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The 96-well plates were covered in foil and incubated at 28 °C in the dark. At 24 and 120
hpf, development abnormality and mortality assessments were performed [36]. The
endpoints evaluated at 24 hpf included mortality, developmental delay, spontaneous
movement, and notochord appearance. At 120 hpf endpoints evaluated included mortality,
notochord appearance, yolk sac edema, pericardial edema, and abnormalities in body axis,
eye, snout, jaw, optic vesicle, brain, somite, pectoral fin, caudal fin, pigment, circulation,
truncated body, swim bladder, and touch response. Endpoint scoring and statistical analyses
were performed in R software as described previously [36].

2.5 Human Cell Cytotoxicity Assays

2.5.1 Human Cell Culture—H1299, a human lung cell line, was purchased from
ATCC. Cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) and 1x Antibiotic-Antimycotic (ThermoFisher). Cells were
seeded at a density of 125,000 cells into T75 cm? tissue culture flasks. Fresh media was
added every 2 d, and after approximately 5 d of culture, when cells had reached 70-80%
confluence, a subculture was prepared by washing the cells with Dulbecco’s phosphate-
buffered saline, incubating the cells with 0.25% trypsin/2.21 mM EDTA at 37 °C for 6 min,
and then inactivating the trypsin with an equal volume of culture medium. Cells were
pelleted at 230 x g for 5 min at room temperature, resuspended in fresh growth medium, and
counted using a Scepter 2.0 Handheld Automated Cell Counter (MilliporeSigma).

2.5.2 Preparation of Monorhamnolipid Solutions—All synthesized surfactants
were suspended in DMEM containing 10% FBS at a concentration of 5 mg mL~1 prior to
assays. Stocks were made in sufficient volume to complete multiple tests of each toxicity
assay to limit exposure of compounds to room air. Stocks were stored at 4 °C and warmed to
37 °C immediately prior to use in cytotoxicity assays.

2.5.3 XxCELLigence Real-Time Cell Analysis (RTCA) Cytotoxicity Assay—
H1299 cells were plated at a density of 2000 cells per well in a volume of 120 uL per well in
an E-Plate 96 (Acea Biosciences, San Diego, CA). All plates were analyzed in an
XCELLigence RTCA MP system (Acea BioSciences), while being maintained in a cell
culture incubator at 37 °C and 5% CO,. After plating, cells were cultured for 24 h, with
measurements taken at 15 min intervals to measure Cell Index, a measure of electrical
impedance across well electrodes resulting from cell adherence. Cells were then
administered serial dilutions (0.002-1984 uM) of respective monorhamnolipid in a volume
of 30 pL per well, with 8 replicate wells per dose. Plates were returned to the xCELLigence
and the cytotoxicity of the monorhamnolipid was evaluated over 72 h with measurements
taken at 15 min intervals. Inhibitory concentration 50, ICsg, values were determined using
the DRC (area-under-curve in a time period vs concentration) function of the RTCA
Software 2.0 (Acea Biosciences). Analysis was performed based on the mean value of the
replicate wells. The timeframe chosen for analysis in each experiment was between the first
sweep taken following addition of compounds and the last sweep of each assay. All
compounds were tested with 3 biological replicates, unless otherwise indicated.
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2.5.4 MTS Cytotoxicity Assay—H1299 cells were plated in 96-well plates at a density
of 4000 cells per well with 120 pL of medium per well and allowed to grow for 24 h. Cells
were then administered serial dilutions (0.002-1984 uM) of respective monorhamnolipid in
a volume of 30 pL per well and 6 wells per dose. Plates were incubated for 72 h following
this addition. Cytotoxicity was assessed using the CellTiter 96 AQequs NON-Radioactive
Cell Proliferation MTS (3(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt) Assay (Promega, Madison, WI) by adding 20 uL of
MTS assay reagent (2 mg mL~1 MTS and 42 pg mL~1 phenazine methosulfate) to each well.
Plates were incubated for 90 min and absorbance was read at 490 nm in a Synergy HTX
Multi-Mode Plate Reader (BioTek, Winooski, VT). ICsq values were determined with Prism
6.0 software (GraphPad, San Diego, CA) using the non-linear curve fitting of the log
concentration of inhibitor vs. response with variable slope (four parameters). The number of
independent replicate experiments for each treatment is given in Table 2.

3 Results and Discussion

3.1 Biodegradation Assay

The Environmental Protection Agency classifies chemicals as “readily biodegradable” when
the chemicals have passed specified screening tests for ultimate biodegradability. Because
the screening tests are stringent, the readily biodegradable classification allows one to
assume readily biodegradable compounds will rapidly and completely biodegrade in aquatic,
aerobic environments [34]. Usually a series of ready biodegradability tests are performed,
one of which is measurement of CO5 to evaluate mineralization. In order to be considered
readily biodegradable, the measured CO, must be >60% of the theoretical CO, (equal to
Cmr) within a 10-day window which begins when measured CO» surpasses 10% of
theoretical CO»; the 10-day window must fall within a 28-day study [37].

Mineralization of the monorhamnolipids was evident for all treatments tested with
percentages ranging from 34 to 92% (Fig. 2, Table 1). A limited number of biometer flasks
allowed only four treatments and a control to be assayed in each experiment. Therefore two
experiments were performed: experiment 1 compared mineralization of the Rha-C10-C10
diastereomers (Fig. 2A) and experiment 2 compared the bio-mRL, Rha-C10-C10 (R,R), and
the Rha-C10-C10 mixture (Fig. 2B). Bio-mRL, Rha-C10-C10 (R,R), the mixture, and Rha-
C10-C10 (S,R) can all be considered readily biodegradable with 60% or greater
mineralization. Interestingly, bio-mRL had the highest level of mineralization and Rha-C10-
C10 (R,R) was next. These two treatments have the same stereo-orientations which suggests
the (R,R) orientation may better facilitate interaction of degrading enzymes with the
substrate. Although the diastereomer mixture was readily biodegradable (69%
mineralization) it is noted that Rha-C10-C10 (S,R) (51% mineralization) and Rha-C10-C10
(S,S) (34% mineralization) did not meet the readily biodegradable criterion for this test.
Unlike bio-mRL and Rha-C10-C10 (R,R), Rha-C10C10 (S,R) and Rha-C10-C10 (S,S) have
not been previously experienced in the environment, and their biodegradation may be
enhanced as environmental and/or test organisms become acclimatized to these molecules.

Taken together, these results suggest that the Rha-C10-C10 diastereomers are biodegradable,
but further testing under less ideal conditions is required to fully understand the fate of these
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materials in the environmental. For example, though the COREXIT anionic surfactant bis-
(2-ethylhexyl) sulfosuccinate (DOSS) was biodegradable in laboratory settings [38], it was
found to persist in deep-sea sediment and coral communities 6 months after and on
surrounding beaches nearly 4 years after application to an oil spill in the Gulf of Mexico
[39].

3.2 Toxicity of synthetic monorhamnolipids

To determine the risk associated with environmental amendments, a suite of tests are used to
develop an ecological effect characterization that describes a substance’s toxicity.
Characterization tests study substances in the short-term (acute) and long-term (chronic)
using a variety of species and measures, e.g., mortality, growth effects, behavioral effects,
effect duration, recovery potential, bioaccumulation, etc. [40]. In this study, we used two
aquatic toxicity assays—Muicrotox and Zebrafish—and two human cell cytotoxicity assays—
XCELLigence and MTS—to examine monorhamnolipid toxicity.

3.2.1 Microtox Acute Toxicity Assay—The Microtox assay measures the acute
toxicity of a test compound to aquatic bacteria using the model bacterium Aliivibrio fischeri
by determining the ECsgq values where the bacterium’s bioluminescence is reduced by half.
Results for the rhamnolipids tested in this study revealed ECsq values ranging from 39.6 to
87.5 uM at 5 min and 31.7 to 56.4 uM at 30 min (Table 2). Over time, the bio-mRL, Rha-
C10-C10 (R,R), (S,9), and (S,R), had significantly increased (a=0.05) toxicity with
extended exposure from 5 to 15 min while there was no increase for Rha-C10-C10 (R,S) or
the diastereomer mixture (data not shown). There was no significant change in toxicity
between the 15 and 30 min exposure times for any of the treatments (data not shown).

Among treatments, a comparison of ECsq values at each time point tested shows that the
Rha-C10-C10 (R,9), (R,R), and bio-mRL treatments were generally least toxic and the
diastereomer mix was most toxic (Table 2). Statistical analysis of these results shows that the
diastereomer mixture was significantly (a = 0.05) more toxic than RhaC10-C10 (R,S) at 5
and 15 min exposure times and more toxic than the bio-mRL and the (R,R), diastereomer at
5 min (Table 2). There was no significant difference between the bio-mRL and individual
diastereomers at any time point. There were no significant differences at the 30 min
exposure time.

Based on ECg values, the monorhamnolipids can be categorized into one of five EPA
ecotoxicity categories for aquatic organism acute exposure concentrations: very highly toxic
(<0.1 mg L™, highly toxic (0.1-1 mg L™1), moderately toxic (>1-10 mg L™1), slightly toxic
(>10-100 mg L™1), and practically nontoxic (>100 mg L™1) [40]. All of the
monorhamnolipids tested fall into the slightly toxic category (supplementary Table S1), and
the ECs values are consistent with literature values of 50 and 13 mg L™ for unspecified
rhamnolipid mixtures obtained from Pseudomonas spp. [41]. Though Table 2 shows there
were a few statistical differences between the monorhamnolipids tested, the classification of
all the treatments into the same EPA ecotoxicity category shows there is no practical
difference among them. The statistically significant increase in toxicity between the 5 and 15
min exposures for the bio-mRL, Rha-C10-C10 (R,R), (S,S), and (S,R) treatments, however,
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may demonstrate different activities between the rhamnolipids. We hypothesize the increase
in toxicity across the 5 and 15 min exposures indicates the time required for these
rhamnolipids to fully penetrate into the cell is longer than those rhamnolipid treatments
without significant differences ((R,S) and the diastereomer mixture).

3.2.2 Zebrafish Toxicity Assay—The zebrafish (Danio rerio) is a well-accepted
vertebrate animal model for the /n vivo testing of chemical bioactivity. This test was selected
because zebrafish have a short generation time, rapid development, and short life cycle
during which toxicological effects can be observed [36].

In this study, 22 developmental and potential neurotoxic chemical effects were screened.
Mortality was the only developmental endpoint associated with exposure to
monorhamnolipids in the concentration range tested. All monorhamnolipids, except Rha-
C10-C10 (R,R), were associated with significant mortality at the highest concentration
tested, 640 puM, relative to the no monorhamnolipid control (Fig. 3). The most toxic was
Rha-C10-C10 (R,S), with 100% mortality (32 out of 32), followed by (S,S), with 81%
mortality. The diastereomer mixture, Rha-C10-C10 (S,R), and the bio-mRL were associated
with similar mortality incidences, ranging from 56 to 66%, while Rha-C10-C10 (R,R) was
not associated with mortality.

Significant mortality was also observed in some cases for exposure to lower concentrations:
6.4 UM Rha-C10-C10 (S,S) (19% ), 64 uM (R,S) (13%), and, unexpectedly, 0.064 (R,S)
(13%). Mortality was observed after the 24 hpf assessments but prior to hatching at 48 hpf
(supplementary Figure S1), suggesting that the toxic monorhamnolipids crossed the chorion
membrane. The 640 uM concentration is relatively high and likely not of environmental
relevance except perhaps before dilution in areas where a concentrated amendment might be
applied. This high concentration was included to guarantee a detection of a threshold for
high toxicity in this study. The lower, more environmentally relevant concentrations were far
less toxic and suggest that rhamnolipids have a low developmental hazard potential.

These results are similar to the results of Johann et al. [42] who observed 48 hpf zebrafish
mortality but no sub-lethal morphology changes. The concentration at which mortality was
observed differed between the two studies. Johann et al. reported 100% mortality at
concentrations of 2100 mg L= (=200 uM) monorhamnolipids from a recombinant strain of
Pseudomonas putida. In this study, less than 100% mortality was found for all the
treatments, except Rha-C10-C10 (R,S), at the highest rhamnolipid concentration of 323 mg
L1 (640 uM); bio-mRL resulted in only 56% mortality at this concentration. The toxicity
difference between the studies is likely the result of the variable length fatty-acids present in
the congener mixtures produced by P, putidaand P, aeruginosa. Indeed, in a review of
anionic and nonionic surfactant toxicity, Lechuga et al. [43] found that chain length of the
hydrophobic moiety controlled the relative toxicity of surfactants. For example, Microtox
data for the alkyl sulfonates Cg, C1g, C12, and Cq4 molecules yielded 30 min ECsgq values of
265, 33, 19, and 66 mg L1, respectively. Data for the analogous alky! sulfates were 35.1,
7.0, 0.98, and 34.8 mg L1, respectively [44]. From these series, chain length was clearly a
large contributor to aquatic toxicity with maximum toxicities in the C1¢_12 range. This
suggests that it may be possible to moderate the acute toxicity of the Rha-C10-C10 by
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shortening the fatty acid moiety to Cg or lengthening it to a C14 when selecting a g-hydroxy
fatty acid’s length during rhamnolipid synthesis.

3.2.3 Human Cell Cytotoxicity Assays—To compare the relative effects of synthetic
rhamnolipid diastereomers in human cells, H1299 lung cells were exposed to increasing
monorhamnolipid concentrations in the XCELLIGENCE and MTS assays (Fig. 4). The
XCELLigence assay measures growth inhibition utilizing cell culture plates with gold
electrodes embedded in the bottom of the wells in which the cells are plated. As cells adhere
to the bottom of the wells and divide, they disrupt the electrical current flowing through the
electrodes, which can be measured in real time as electrical impedance. This impedance is
proportional to the number of cells present and is reported using a unitless parameter called
Cell Index. The MTS assay provides a relative measure of the presence of viable cells.
Viable cells contain active enzymes that convert MTS to a formazan crystal product, which
can be measured at 490 nm in a spectrophotometer. Cell toxicity results in a loss of viability
and a decrease in 490 nm formazan product produced relative to control.

Growth inhibition was observed within the dose range of the tested compounds using the
XCELLigence assay (Fig. 4A). ICsq values ranged from 108.2 to 191.1 uM after 72 h (Table
2). Rha-C10-C10 (R,S) was the least toxic treatment and the only treatment to be
significantly different from any of the other monorhamnolipid treatments. The three highest
monorhamnolipid concentrations tested 1984, 992, and 496 UM exhibited complete growth
inhibition as indicated by an immediate loss of Cell Index in the RTCA analysis. This result
indicates immediate loss of cellular contact with the bottom of the culture plates which can
be interpreted as cytotoxicity of the respective compounds. MTS assay results followed the
same pattern as the xCELLigence assay with 1Cgq values ranging from 103.4 to 189.5 uyM
(Fig. 4B, Table 2), however, statistical analysis could not be performed because test
compound quantity limitations only allowed for two independent experimental replicates for
Rha-C10-C10 (R,S).

Akiyode et al. [45] used a comparable MTT cytotoxicity assay to study rhamnolipid effects
on MCF-7 human breast cancer cells and found 72 h 1Csq values of 33.08 and 30.05 mg L™1
for two commercially available rhamnolipid mixtures. These values are below the range
reported for both the MTS and xCEL Ligence assays herein (52.1-96.3 mg L1,
supplementary Table S1) though they are of a generally similar magnitude. The difference
could be due to sensitivities of the different cell lines to rhamnolipids or differences in the
rhamnolipid type and congener mixture or both. Akiyode et al. [45] also reports that their
commercial mixtures contain a mixture of mono- and di-rhamnolipids with a high relative
abundance of Rha,-C10-C12 and Rha,-C12-C10 congeners [45]. Dirhamnolipids have been
shown to be more toxic than monorhamnolipids to MCF-7 cells by MTT assay [46]. A
second study using the MTT assay reports no inhibitory activity against human small cell
lung cancer cells (NCIH187) at the highest dirhamnolipid concentration tested (50 mg L™1),
which is also consistent with the results of this study [47].

At the three highest monorhamnolipid concentrations tested (1984, 992, and 496 uM), the
XCELLigence assay indicated complete inhibition and thus clear cytotoxicity (Fig. 4A). The
MTS data at these three concentrations, however, still showed measurable enzymatic activity
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in the 1984 UM treatments ranging from 1-16% activity of the monorhamnolipid-free
control (Fig. 4B). This may indicate that monorhamnolipids do not have complete
cytotoxicity at these concentrations and that the complete loss of Cell Index in the
XCELLigence assay is the result of both cell disintegration and whole cell release from the
well surface. In either case, these high concentrations were tested to determine the threshold
for cytotoxicity and likely have limited practical relevance as noted above for the zebrafish
assay.

4 Conclusion

Novel rhamnolipids with altered stereochemistry or congener makeup, may have different
properties. This study shows that such differences resulted in measurable changes in
biodegradation, zebrafish toxicity, and xCELLigence human lung cell toxicity; no significant
differences were detected for acute aquatic prokaryotic toxicity using the Microtox assay or
for the MTS human cell cytotoxicity assay. This work lays a foundation for understanding
the environmental compatibility of novel synthetic monorhamnolipid diastereomers and
provides pertinent information when considering potential applications for use either
individually or as a mixture. To further demonstrate the marketability and utility of these
synthetic monorhamnolipids, future work should evaluate the cost effectiveness of synthetic
versus biosynthetic monorhamnolipids, especially in regard to understanding the costs of
scaled-up production.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Synthetic monorhamnolipid production is congener specific yielding four
diastereomers

. All four Rha-C10-C10 diastereomers were inherently biodegradable.

. Monorhamnolipids were EPA ecotoxicity category ‘slightly toxic’ by
Microtox assay.

. Zebrafish mortality was observed for all monorhamnolipids except Rha-C10-
C10 (R,R).

. Cytotoxicity 1Cgq values ranged from 103.4 to 191.1 pM for human lung cell.
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Figure 1.

Structures of bio-mRL (1) and synthetic (2-5) monorhamnolipids utilized in this study. The
varying chain lengths of bio-mRL are represented by ‘m’ and ‘n’ values which vary from 4
to 12.
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Figure 2.

ng production due to mineralization of (A) Rha-C10-C10 (R,R), (R,S), (S,S), and (SR)
and (B) Rha-C10-C10 (R,R), Rha-C10-C10 mixture, and bio-mRL. CygL represents the
moles of carbon added as monorhamnolipid. The filled symbols indicate the estimated
transition from exponential to stationary phase at which point mineralization was calculated.
Increases in CO, after this time are attributed to endogenous decay. Error bars represent the
standard deviation.
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Figure 3.
Zebrafish mortality (n = 32) at 120 hpf for monorhamnolipid treatments from 0 to 640 M.

Stars indicate a significant difference in mortality compared to the monorhamnolipid-free
control.
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Figure 4.
Growth inhibition curves for monorhamnolipids as measured by the xCELLigence RTCA

(A) or MTS assay (B). Error bars indicate the standard error.
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