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Abstract: Biosurfactants are produced by microorganisms and represent amphiphilic compounds
with polar and non-polar moieties; hence they can be used to stabilize emulsions, e.g., in the cosmetic
and food sectors. Their structure and its changes when exposed to light and elevated temperature
are yet to be fully understood. In this study, we demonstrate that attenuated total reflection infrared
(ATR-IR) spectroscopy is a useful tool for the analysis of biosurfactants, using rhamnolipids produced
by fermentation as an example. A key feature is that the analytical method does not require sample
preparation despite the high viscosity of the purified natural product.
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1. Introduction

Surface-active compounds that are produced by microorganisms are commonly referred to as
biosurfactants [1]. Biosurfactants have been experiencing an ever-increasing interest in recent years
because they have many potential commercial applications, e.g., in the food, personal care, and
pharmaceutical sectors. Moreover, they have a number of advantageous properties including their low
toxicity and biodegradability.

Rhamnolipids are a type of glycolipid biosurfactants. They consist of a glycosyl head group in
terms of a rhamnose moiety and a fatty acid tail. Rhamnolipids are commonly produced by various
strains of the microorganism Pseudomonas aeruginosa [2], a Gram-negative, rod-shaped bacterium.
The type of rhamnolipid produced depends on the culture conditions, carbon source used, and the
microbial strain [3]. The two main types of rhamnolipids are mono-rhamnolipids and di-rhamnolipids,
which contain one or two rhamnose units, respectively.

The analysis of rhamnolipids is commonly done off-line using chromatographic and mass
spectrometric methods [4,5]. These methods require sampling and, in addition, often sample
preparation. Therefore, they are not suitable for in-line or on-line monitoring of the production process,
or to do rapid screening of the final product. The fast analysis with minimal sample preparation is
a major challenge here, but it could revolutionize the production and quality control of biosurfactants.
Vibrational spectroscopy in terms of infrared (IR) and Raman spectroscopy can be a solution [6-8].
Especially IR spectroscopy, when performed in attenuated-total reflection (ATR) mode, seems to be
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a good option as it can be applied to opaque samples. In ATR-IR spectroscopy, the infrared radiation
is propagating in a material with a refractive index (often referred to as internal reflection element,
IRE) that is higher than that of the sample. Consequently, the radiation can undergo total internal
reflection at the sample/IRE interface. Due to the light-matter-interaction in the evanescent field, the
reflected radiation carries information about the absorption spectrum [9]. The penetration depth of the
evanescent field in the sample is typically of the order of one micrometer [10,11].

To date, only a few studies reporting the application of vibrational spectroscopy to rhamnolipids
have been published. Li et al. [12] applied IR spectroscopy together with a variety of analytical
methods to a rhamnolipid-layered double hydroxide (RL-LDH) nanocomposite material. They aimed
at a comprehensive characterization of the material and at unravelling how the rhamnolipid anions
are introduced into the interlayers of LDH. ATR-IR spectroscopy for the qualitative identification of
rhamnolipids produced in fermentation processes has been reported as well [13-19].

The present study aims at testing the potential of ATR-IR for the structural analysis and the
investigation of aging effects of rhamnolipids. For this purpose, rhamnolipids have been produced
and purified. IR spectroscopic analysis was performed after the purification process and after five
months of storage, during which the samples were kept at room temperature.

2. Materials and Methods

The rhamnolipid samples were produced by Pseudomonas aeruginosa PAO1 which was supplied by
Ulster University (Coleraine, Northern Ireland) from their collection. To purify the product, solid phase
extraction (SPE) was used in normal phase mode using silica as the sorbent. A detailed description
of the production and processing can be found in a recent article [20]. Five different runs resulted
in five different samples. Due to the production in a biological process, the chemical composition of
the samples varies. The samples were initially analyzed after the purification and a second time after
keeping them at room temperature for five months. The second series of measurements was carried to
test whether or not any signs of aging and deterioration can be observed in the spectra.

ATR-IR spectra were acquired on an Agilent Cary 630 (Agilent Technologies, Santa Clara, CA, USA)
equipped with a diamond ATR unit (1 reflection, 45°). The range 4000-650 cm ! was recorded with
a nominal resolution of 2 cm ™. To obtain an appropriate signal-to-noise ratio, 16 scans were averaged
for each sample. The rhamnolipids had a high viscosity and are sticky. Prior to each measurement,
the diamond crystal was cleaned using 2-propanol, ethanol, and acetone. Three measurements of
individual samples taken from the five products obtained in different runs of the bioreactor were
carried out to check the reproducibility and potential inhomogeneities. The differences observed were
negligible and the spectra shown later represent the average of the three acquisitions.

3. Results

As natural products, rhamnolipids are a class of compounds rather than a pure substance.
Key characteristics of a sample are the number of rhamnose and carboxylic acid/ester units. Figure 1
illustrates the structures of four common compounds contained in a rhamnolipid biosurfactant.
The most common rhamnolipids comprise of one or two rhamnose units and one or two fatty acid
chains with C10 or C12 chain length. The distinction between mono- and di-rhamnolipids is the most
important task for an analytical tool [21,22].

Figure 2 displays the spectra of the five different samples obtained from different fermentation
experiments. Note that the diamond crystal has very low transmission between 1900 and 2300 cm~};
hence, the spectra exhibit experimental artifacts rather than meaningful signatures in this range. Most of
the rest of the spectrum can be interpreted in a straightforward manner and Table 1 summarizes the
observed signatures. The broad band between 3700 and 3100 cm ! is due to O-H stretching vibrations.
The range 3100-2700 cm ! contains the C-H stretching modes. The fingerprint region, i.e., below
1750 cm ™!, is very rich in information. At 1707 cm~! the C=0 stretching mode of the carboxylic
acid groups can be found. The high-wavenumber wing of this band shows a shoulder bands at
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~1740 cm~!, which can be attributed to C=0 stretching of the ester groups. At lower wavenumbers,
the C-H bending; C—C and C-O stretching; and a multitude of rocking, scissoring, wagging, and
twisting modes can be found. A detailed assignment is rather complicated as all these modes can
be overlapping with each other, and hence the assignment in Table 1 is a tentative one. However, as
aforesaid, the main task is to distinguish between the different classes of compounds. Therefore, we
focus on the differences of the spectra.
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Figure 1. Chemical structures of four typical rhamnolipid compounds.

Table 1. Center wavenumbers of observed IR peaks in cm ™! and their tentative assignment. Some
of the bands in the fingerprint region are not assigned due to possible ambiguity. s = shoulder,
sym = symmetric, asym = anti-symmetric, str = stretching, bend = bending, sciss = scissoring,
wag = wagging, rock = rocking.

R1 R2 R3 R4 R5 Assignment
v/em~!
3274 3274 3288 3288 3285 OH str
2954s 2954s 2954s 2954s 2954s CHj3 asym str
2926 2926 2926 2927s 2926 CHj; asym str
- - - 2916 - CHj; asym str

2871s 2871s 2871s 2871s 2871s CHj sym str
2855 2855 2855 2850 2855 CH; sym str
1740s 1740s 1740s 1740s 1740s C=0 str ester
1707 1707 1707 1707 1707 C=0O str acid
1669 1669 1647 1647 1647 OH bend (residual water)
1592 1592 1590s 1591s 1591s COO asym str
1527 1527 1527 1527 1527 Residual CHCI3
1484 1484 1484s - - Residual HCCl3
1442 1442 1442 1442 1442 CH, sciss
1380 1380 1380s 1380s 1380s COO sym str
1292 1292 1297s 1301s 1301 CH; wag, COH bend
1276s 1277 1277 1274 1273 CH; wag, COH bend
1241 1242 1242s 1242s 1242s
1214 1214 1207 1206 1206 Residual CHCI3
1155 1155 1155 1156 1156 CH rock
1120 1120 1121 1121 1121 CO str, CH rock

1032 1032 1031 1031 1031 CO str
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Table 1. Cont.

R1 R2 R3 R4 R5 Assignment
v/em™!

981 981 983 983 983

964 964 965 965 966

954s 954s - - -

918 918 917 917 918

849 849 849 850s 850s

818 818 818s 818s 818s

809 809 809 809 809

752 753 755 756 756 residual CHCl3
- 735s - - - CH rock

724s 723s 724 724 724 CH rock

700 701 701 701 701 CH rock

The spectra of the five samples suggest that there are two groups of spectra exhibiting significant
similarities: (1) R1 and R2; and (2) R3, R4, and R5. This visual observation has been confirmed by
a principal component analysis. Four features highlighting spectral differences are marked by arrows
in Figure 2. The most distinguishable signatures that are present only or at least significantly stronger
in R1 and R2 can be found at 1592, 1484, 1380, 1241, and 850 cm 1. The band at 1592 cm ™! is likely
due to the anti-symmetric stretching of deprotonated carboxylate groups. While R1 and R2 exhibit
a distinct peak, there are weak shoulder bands at this position. The same observation is made at
1380 cm~!, which can be attributed to the corresponding symmetric mode. The other bands that
appear differently for R1 and R2 and R3-5 are related with CH deformation vibrations and hence it
is difficult to assign them unambiguously to specific structural differences without involving further
analytical techniques.

Further differences between R1 and R2 and R3-5 are found at high wavenumber. The O-H
stretching band around 3300 cm ™! is stronger in R3-5. The latter indicates that the R1 and R2 samples
contain a lower number of rhamnose units. Probably, mono-rhamnolipids are dominating here
while di-rhamnolipids are mainly present in R3-5. The presence of mainly di-rthamnolipids was also
suggested by reference measurements with mass spectrometry, see Table 2. The enhanced IR signatures
at around 1600 and 1240 cm ™! in the R1 and R2 samples can be attributed to ester groups indicating
that these samples contain more fatty acids than R3-5. Hence, we can conclude that the IR spectrum is
a suitable indicator of the structure and of the number of rhamnose units.
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Figure 2. IR spectra of the five rhamnolipid samples. The arrows mark spectral position where
significant changes can be observed.
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Table 2. Main peaks from the MS analysis and assignment.

Rhamnolipid m/z Value Relative Intensity Molecule Structure
Mono-rhamnolipid 503 15 Rha-C1p-Cqg
479 33 Rha—Rha-Cm
Di-rhamnolipid 649 100 Rha-Rha-Cqp-Cyg
677 14 Rha-Rha-Clz-Clo

In order to analyze whether or not ATR-IR spectroscopy can be used to study aging effects as
well, a second set of spectra was recorded after five months. During this period, the samples were
kept at room temperature (298 K) but in darkness to avoid additional effects due to photo bleaching.
Figure 3 shows the difference spectra between the initial and aged samples. Consequently, positive
contributions mean that the signature reduced in absorbance over time; negative contributions mean
the opposite.

As there are clear changes in the spectra, it can be concluded that aging takes place. On the other
hand, there are only a few signatures in the difference spectra that are similar in all five cases, e.g.,
the positive double peak in the CH stretching region. The initial spectra exhibit four main peaks
in this range: 2954, 2924, 2871, and 2854 cm~!. The two peaks in the difference spectra are at 2915
and 2850 cm~!. The 2954 and 2924 cm~! peaks can be assigned to the anti-symmetric stretching
modes of the CH;z and CH, groups, respectively. The peaks at 2871 and 2854 cm ! are due to the
corresponding symmetric modes. The observed behavior indicates a decrease in the number of CHj
groups. The dissociation of the fatty acid chains can explain this. Further support for the hypothesis that
the fatty acid part of the rhamnolipids is mainly affected during the aging is provided by the negative
contribution around 1700 cm~!. In this region, the C=0 stretching modes of the ester groups can be
found. The spectra suggest that these groups are increasing during aging. This could be interpreted
in terms of an ongoing esterification reaction. Unravelling the detailed mechanisms, however, would
require further analysis and additional methods. This is beyond the scope of the present study.
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Figure 3. (a) Difference spectra of the initial and aged rhamnolipid samples; (b) zoomed in region
between 1300 and 1800 cm ™.

4. Conclusions

In this study, the application of infrared spectroscopy to rhamnolipid biosurfactants has been
demonstrated. Five samples of rhamnolipids have been produced by fermentation and purified
prior to the IR analysis. The IR spectra indicate that some samples are dominated by mono- and
other by di-rhamnolipids. Moreover, measurements of the samples after five months of aging at
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room temperature indicate systematic changes in the chemical structure. These changes are mainly
attributed to vibrational signatures of the fatty acid groups. In conclusion, our study shows that IR
spectroscopy is capable of analyzing the chemical structure of biosurfactants and monitoring their
aging. Future work in our labs will focus on systematic investigations of the aging effects to unravel
the detailed molecular mechanisms. For this purpose, single compound reference samples will be
analyzed during treatment with heat and ultraviolet radiation.
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