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Abstract: Sugar esters are bioactive compounds derived from renewable resources. They consist
of a sugar moiety with attached non-polar part – usually a fatty acid. These compounds find
uses in cosmetic, food and pharmaceutical industries as surfactants due to their physicochemical
and antimicrobial activities. In this study we have produced fatty acids for sugar ester synthesis
from bacterially derived polyesters, namely polyhydroxyalkanoates (PHAs). We have developed
methodology to decorate PHA monomers with a fluorinated moiety. With aid of biocatalysis a
series of glucose esters was created with unmodified and modified PHA monomers. All synthesised
compounds showed moderate antimicrobial activity.
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1. Introduction

Sugar esters represent a class of biodegradable and bioactive compounds that brought attention
of scientists and industries in recent decades [1]. These molecules are composed of a hydrophilic
sugar component (rich in hydroxyl groups) connected via ester bonds to a hydrophobic part, usually a
carboxylic acid. The number and the length of these acid derived chains, together with the number of
hydroxyl groups of the particular sugar determine the hydrophilic-lipophilic balance (HLB) - a unique
property of a given molecule of sugar ester. At the same time their chemical structures enable them to
form micelles, emulsions, stabilize foams thanks to their surface active properties [2,3]. These features
bring practical importance of sugar fatty acids esters (SFAEs), hence they are widely used in the food,
cosmetic and pharmaceutical industries (as additives for dairy products, feeds, creams, gels, shampoos,
pastes, ointments) [3–7]. SFAE not only have interesting physicochemical properties, but also are
biologically active [8,9], increase the cell membrane permeability of microorganisms and inactivate
transmembrane proteins, thus exposing microbes to adverse external factors, loss of intracellular
proteins and valuable nutrients leading to an immediate inactivation [10,11].

The most popular among the sugar esters are those which contain glucose, galactose, sucrose or
lactose because of their availability from natural resources [12–16]. The hydrophobic component is
commonly derived from plant or animal biomass, e.g., butyric (C4), caprylic (C8), pelargonic (C9),
lauric (C12), palmitic (C16) and stearic (C18) acids [5,8,9,17,18]. Depending on the length of aliphatic
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chain, its branching and existence of additional functional groups SFAE molecules may be more or less
available for a given organism (due to variations in cell membrane transfer) and also faster or slower
decomposed by enzymes (lipases, glycosidases). The presence of additional functional groups in the
aliphatic chain modifies both the physical properties and therapeutic effect of SFAE, thus enhancing its
biological effectiveness and spectrum [19–22]. These include phenyl, hydroxyl, amino, hydroxyphenyl,
methoxy-phenyl and halogen-containing moieties, e.g., phenyl-fluorine, or alkyl halides [23–26]. Out
of the mentioned modifiers, the fluorine most profoundly alters the molecule’s biological functions
(i.e., increases the free-radical production; influences bio-retention due to increased hydrophobicity of
a given molecule) [27–29].

In order to aid in the search for new modifiers of the hydrophobic component of SFAE we tapped
into monomeric units that build bacterially derived polymers. Bacteria synthesise polyhydroxyalkanoates
(PHAs) in response to unfavourable environmental conditions employing sophisticated biochemical
apparatus [30]. PHAs are composed of 3-hydroxylated fatty acids, where the hydroxyl group is always
in an absolute R configuration [31]. Existence of this hydroxyl group on the carboxylic acid moiety
opens interesting paths for modifications [32]. For example, it can be readily used to form an ether bond
between oxygen atom and a halogenated alkyl group, which may influence their potential therapeutic
effect. In recent years similar modifications of PHA monomers have been performed. However, they
relied on the elimination of the hydroxyl group on chiral 3rd carbon atom and its exchange to 3-chloro,
3-fluorobenzyl, 3-bromo, 3-fluoro or amino group, which led to the loss of chirality of the molecule,
but improved bacteriostatic properties [33,34].

Our study presents the development of a biocatalytic synthesis method for the preparation of
unique glucose esters based on PHA derived monomers, namely mixtures of (R)-3-hydroxynonanoic and
(R)-3-hydroxyheptanoic acids or (R)-3-hydroxy-5-phenylpentanoic and (R)-3-hydroxy-3-phenylpropionic
acids arising from two types of PHA polymers obtained in bacterial fermentation process grown on,
respectively, nonanoic or 5-phenylvaleric acids. The PHA derived acids were further functionalised with
a 2,2,2-trifluoroethyl trifluoromethyl sulphate moiety. The virgin mixtures or their modified counterparts
were attached to glucose via lipase mediated biocatalytic reaction in a water-free organic solvent systems.
The resulting novel SFAEs were purified and characterised, and submitted to antimicrobial studies in
order to elucidate their potential antimicrobial characteristics.

2. Results and Discussion

2.1. Synthesis of Polyhydroxyalkanoates

P. putida CA-3 was cultured on 5-phenylpentanoic acid (40 mM) in a shake flask for 5 days, which
yielded 2.43 g/L of cell dry weight (CDW) mass with 57% (w/w) of PHA. The extracted PHA polymer
(PHPV) composed of (R)-3-hydroxy-5-phenylpentanoic and (R)-3-hydroxy-3-phenylpropionic acids
in a 94:6 molar ratio. In case of polyhydroxynonanoate (PHN) fermentation, P. putida KT244 strain
was grown on nonanoic acid and accumulated 71% of the polymer in CDW, while the molar ratio of
obtained (R)-3-hydroxynonanoic and (R)-3-hydroxyheptanoic acid monomers was 7:3.

2.2. Modification of PHA Monomers

The procedure described in Section 3 allowed us to obtain 1.26 g (48.5% conversion) of a pure
fraction of desired products (3,4) – PHN derived mixture of hydroxyacids methyl esters. Structural
analysis (1H NMR, MS) of compounds revealed that 3-OH groups of PHN methyl esters were
successfully protected (Figures S4 and S5 in Supplementary Material). Product 10 lost the methyl group
during the ionization in MS, therefore it was identified as acid ([M-H]− 255 m/z) at retention time (Rt)
of 2.3 min. An analogous situation occurred with the shorter protected PHA monomer (product 11),
(227 m/z, Rt = 1.9 min). Additionally, we observed a fragmentation ion (162.9 m/z), which, in accordance
with the theoretical predictions of the fragmentation of compound 11 (Figure S5 in Supplementary
Materials). The remaining chromatography fractions contained either dimers or trimers of 10+11 or
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their fluorinated counterparts. Unfortunately all trials for P3HPV derived fatty acid modifications
ended without significant results. 14C NMR confirmed that an etheric bond between C–O− at the 3rd
carbon atom of the P3HPV monomer aliphatic chain and trifluorethyl group was created. However
purity of the collected fractions was unsatisfying, thus not allowing us from further biocatalytic steps
with the mixture of 34+35. Results of all were gathered and summarized in Table 1.

Table 1. Summary of PHA modifications and their sugar esters synthesis.

Compound Number: Conversion [%]:

15 100
10,11 48.5

7,8 100
13,14 n.c.

26 42.1 *
27,28 85 *
29,30 n.c.

31 43.3 *
32,33 78.7 *
34,35 n.c.

* Conversions calculated from glucose concentrations.

To the best of our knowledge this is a first report that concerns protection of the hydroxyl group
of a PHA monomers without its removal or its substitution by a halogen substituent [24,33–35]. NaH
turned out to be an efficient reactant for hydrogen atoms removal of PHN 3-OH groups and their
activation for an attack of trifluoroethyl moiety, even though lithium diisopropylamide is a much
stronger nucleophil. Most importantly, an extra dry THF as a medium turned out to be the key element
of the whole synthetic process.

Conversion of glucose to its corresponding esters (SFAE) via Thermomyces lanuginosus lipase
(TL-IM) was confirmed by MS/MS analysis (Table 2). Compound 26 was identified as [M+Cl−]− adduct
355 m/z in a scan mode, whereas in Product Ion Scan mode its precursor [M-H]− ion (319 m/z) produced
fragmentation ion 228.9 m/z (Figure S6 in Supplementary Materials). PHN glucose esters (27,28) - both
C9 and C7 were detected as [M + Cl−]− ions in the scan mode, where their signals were 371 and 343 m/z
respectively. In Product Ion Scan mode the precursor and fragmentation ions were observed at 335 and
307 m/z. Compound 27 in Product Ion Scan was characterized by fragmentation signals at 334.7, 172.8,
58.7 m/z. Such fragmentation was consistent with results of the theoretical analysis of the breakdown of
the compound (Figures S7 and S8 in Supplementary Materials). Glucose esters of aromatic compounds
have been synthesized with success, as indicated by their spectra in MS analysis. The product 31 was
detected as the [M-H] − ion (339 m/z). In the case of PHPV sugar esters, only the MS spectrum with
(R)-3-hydroxy-5-phenylpentanoic acid (compound 33) was obtained. The compound was detected
in the scan mode as the mass with the chlorine adduct, ([M+Cl−]− = 391 m/z) with retention time of
1.4 min. In Product Ion Scan mode the 33 precursor ion [M-H]− (355 m/z) did not fragmented within
the range of scanned energy collisions. The yield obtained within our study are comparable to these
obtained for acylation of glucose by others [36,37].

2.3. Antimicrobial Testing

The initial microbial experiment showed that MIC (or Minimum bactericidal concentration—MBC)
values of both unmodified and modified PHA monomers and their glucose esters are in most cases
higher than 500 µg mL−1, which is 50,000 fold higher than commonly used antibiotics (Ciplofloxan,
Fluxonazole) [38,39]. Nevertheless, the literature reports and our results show that SFAEs in general
have a bacteriostatic effect if present in higher concentrations, which can be used for other than
therapeutic purposes (e.g., in the cosmetic or food industries, as surfactants/emulsifiers) [20,21,40,41].
Therefore, we increased the tested concentrations up to 5000 µg mL−1 (Table 3).
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Table 2. Precursor ions and Product ions of tested compounds in product ion scan mode.

Compound Precursor Ion (m/z) Product Ions (m/z) Collision Energies (eV) Retention Time (min)

1 157 157.1 5 1.6
3 173 173.1, 59 5 1.9
4 145 145.1, 59 5 1.8
5 191 114.8, 190.6 5 1.6
7 207 176.9, 206.9 5 1.6
8 179 n.c - -
12 255 255 5 2.3
13 227 226.7, 162.9 5 1.9
26 319 318.5, 228.9 5 1.7
27 335 334.7, 172.8, 58.7 10 1.4
28 307 n.c. * - -
29 417 417.1 25 1.6
30 389 n.c - -
31 339 338.9 5 1.7
33 356 354.9 5 1.4
32 n.c. n.d. * - -

* n.c.—not confirmed, n.d.—not determined.

The results obtained during this study prove that microorganisms exhibit different sensitivity to
antimicrobial agents, which strongly depends on the type of carbohydrate used, length of fatty acids
attached to the sugar and moiety linked to the fatty acid part of SFAE. 5-phenylvaleric acid proved to
be more effective against the tested bacteria at lower concentrations compared to aliphatic nonanoic
acid. The antibacterial action of acids with the phenyl group has been known before—phenylpropionic
or phenylacetic acid have a strong antibacterial effect on various types of bacteria such as S. aureus,
C. albicans and E. coli at 1000 µg mL−1 [42]. The opposite situation was observed in the case of
inhibition of Candida growth, where nonanoic acid was more effective at 10 times lower concentrations
compared to aromatic acids [43]. It has been reported that nonanoic acid could be active against
some dermatophytes and non-dermatophyte fungi. Some of other saturated fatty acids (i.e., capric
and lauric) have been also reported to possess the inhibitory effect against Candida spp. Fungicidal
activity of fatty acids could be determined by mechanisms focused on yeast membrane disruption [43].
Sugar fatty acids esters also tend to be biologically beneficial in combating fungi. Their emulsifying
properties could be successful implement in detergents and cosmetic production.

PHA monomers with a hydroxyl group at the 3rd carbon atom showed a stronger antibacterial
activity (for bacteria strain such as Staphylococcus aureus NCTC 4163 and Bacillus cereus ATCC 11778),
when compared to their fatty acids analogues without the 3-OH group. Similar results were obtained
by Sandoval and colleagues, who tested the effect of the hydroxyl group on the antibacterial properties
of PHA monomers [44]. For other strains tested no improvement of antibacterial activity was observed
in the MIC between 5-phenylvaleric acid and PHPV derived monomer mixture. Attachment of the
fluorinated moiety to PHN derived monomers did not significantly influenced their biological activity
against tested strains.
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Table 3. Activity of modified and unmodified PHA monomers and their SFAE against standard bacteria and fungi strains – minimal inhibitory concentrations (MIC, µg mL−1).

Ciprofloxacin/
Fluxonazole [34,35] [32,33] [27,28] [31] [26] [10,11] [7,8] [3,4] [5] [1] Compound [ug mL−1]:

4 2500 >5000 2500 5000 5000 2500 2500 1250 1250 2500 Staphylococcus aureus NCTC 4163
0.5 5000 >5000 1250 >5000 5000 2500 2500 2500 1250 2500 Staphylococcus aureus ATCC 6538
0.5 >5000 >5000 >5000 >5000 5000 2500 2500 2500 1250 2500 Staphylococcus epidermidis ATCC 12228
0.5 5000 >5000 1250 >5000 5000 2500 1250 2500 1250 2500 Staphylococcus epidermidis RP 62A
0.5 >5000 >5000 >5000 >5000 5000 2500 2500 2500 2500 2500 Enterococcus hirae ATCC 10541
0.5 >5000 >5000 >5000 >5000 2500 2500 2500 1250 1250 2500 Bacillus cereus ATCC 11778
0.5 >5000 >5000 >5000 >5000 5000 2500 2500 2500 1250 2500 Bacillus subtilis ATCC 6633
0.5 >5000 >5000 >5000 >5000 >5000 2500 5000 5000 2500 5000 Escherichia coli ATCC 25922
0.5 >5000 >5000 >5000 >5000 >5000 5000 5000 5000 2500 5000 Pseudomonas aeruginosa ATCC 27853

0.5 >5000 >5000 >5000 >5000 5000 2500 2500 5000 2500 2500 Salmonella enterica subsp. fnterica CIP
108115

0.5 >5000 >5000 5000 >5000 5000 2500 1250 2500 2500 2500 Listeria monocytogenes
0.5 >5000 >5000 >5000 >5000 313 5000 >5000 >5000 625 156 Candida parapsilosis ATCC 22019
0.5 >5000 >5000 >5000 >5000 625 5000 >5000 2500 1250 313 Candida albicans ATCC 90028
0.5 >5000 >5000 >5000 >5000 625 >5000 >5000 5000 1250 156 Candida krusei ATCC 6258
0.5 >5000 >5000 >5000 >5000 1250 5000 >5000 5000 1250 156 Candida albicans ATCC 10231
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Sugar esters synthetized in this work revealed weak antibacterial to moderate antifungal activities
(Table 3). C9-glucose ester (26) exhibited the highest antifungal activity of all studied sugar esters
(MIC values of 313; 625; 625 µg mL−1 for C. parapsilosis; C. albicans ATCC 90028; C. crusei ATCC 1023,
respectively). We observed also some antibacterial activity of PHN glucose esters (27,28) towards
Staphylococcus spp. in MIC range of 1250–2500 µg mL−1. When modified with fluorine moiety, the PHN
derived esters (34,35) retained their antimicrobial activity for Staphylococcus aureus NCTC 4163 (MIC
2500 µg mL−1). For other tested pairs (glucose esters vs. tested strain) we did not observe significant
antimicrobial action. These findings are in line with reports of others, where glucose or maltose sugar
esters (fatty acid carbon atoms n = 8–14) revealed MIC values between 250 to 2000 µg mL−1, when
tested against a range of Gram negative and positive strains [10,45].

3. Materials and Methods

3.1. Synthesis of Polyhydroxyalkanoates

Polyhydroxynonanoate (PHN; 2) was produced with Pseudomonas putida KT2440 strain with
nonanoic acid (1) in the fermentation feed as the sole energy and carbon source (Figure 1A) as described
in our previous study [46]. Polyhydroxyphenylvalerate (PHPV; 6, Figure 1B) was obtained in shake flask
cultures with Pseudomonas putida CA-3 (50 mL total medium volume in 250 mL Erlenmeyer flasks, 30 ◦C,
250 rpm, 5 day fed-batch cultivation) in Minimal Salt Medium (containing (g L−1): Na2HPO4·12H2O,
9.0; KH2PO4, 1.5; MgSO4·7H2O, 0.2; NH4Cl, 1.0; CaCl2·2H2O, 0.02; Fe(III)NH4-citrate, 0.0012) with
sodium phenylvalerate (total 80 mM). Polymers were extracted with ethyl acetate and characterised
as described previously [46]. The polymers were degraded to their monomeric units via an acidic
methanolysis (15% H2SO4 in methanol) to yield hydroxy fatty acid methyl esters according to previously
established protocol [34].

3.2. Modification of PHA Monomers

Several methods of the 3-OH PHA methyl esters groups’ halogenation were tested.
Briefly different fluorinated alkyl iodes (1-fluoro-3-iodopropane; 1,1-difluoro-2-iodoethane;
1,1,1-trifluoro-3-iodopropane), various nucleophiles (sodium hydride (NaH; 60%), lithium
diisopropylamide (LDA)) and different media (dimethylformamide (DMF), dichloromethane (DCM),
tetrahydrofuran (THF)) were tested. Finally one method was chosen and was as follows. To stirred
solution of 2.26 g PHN (2; 1 eq. mol) in anhydrous THF (20 mL), NaH (1.2 eq. mol) was added under
argon atmosphere. After 30 min 2,2,2 -trifluoroethyl trifluoromethyl sulfate (9; 1.2 eq. mol) was added
(Figure 1C). The reaction mixture was stirred on ice overnight. After acidification, an extraction in
ethyl acetate (Et-Ac)/H2O was performed. TLC in Ac 1:7 H confirmed that no PHN (2) was left in
the reaction mixture. Versa flash chromatography purification gave fraction of 1.5 g fluorinated PHN
methyl esters (10,11) mixture (1H NMR spectra are available in supplementary materials). PHPV
modification followed under the same procedure (Figure 1D). After modifications a part of all of the
obtained monomers was converted into their acidic forms using Candida antractica lipase B (CalB) in
water environment (Figure 1F,H). Briefly 300 mg of a given methyl ester was dissolved in 2 mL of
dichloromethane. To 5 mL of H2O, 85 mg of lipase was added. Both mixtures were combined and
vigorously shaken (240 rpm, 35◦C) overnight. Mixtures were acidified to pH 4 with HCl, and brine was
added followed by the addition of 7 mL of ethyl acetate in order to extract (3×) the desired fatty acid.

3.3. SFAE Synthesis

Enzymatic reactions were carried out in water free 2-methyl-2-butanol (2M2B) in 10 mL total
volume. Glucose was supplemented to yield 4 mg mL−1 (1 eq. mol), whereas methyl nonaoate (15)
to 11 mg mL−1; PHN methyl esters (3, 4) 9.5 mg mL−1; fluorinated PHN methyl esters (10,11) 11.46
mg mL−1; 5-phenylpentanoic methyl esters (20) to 8.3 mg mL−1; PHPV methyl esters (7,8) 9.02 mg
(to 2 eq. mol). A quantity of 100 mg mL−1 of molecular sieves (4Å) was added to withdraw the water
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formed. Reactions were initiated by addition of 12 mg mL−1 of an enzyme (Thermomyces lanuginosus
lipase herein referred to as TL-IM), with shaking (240 rpm), at 55 ◦C for 24 h (New Brunswick Scientific
Exella E24 Incubator Shaker Series; (Figure 2)) [36,37,47]. Samples were collected at set intervals and
were analysed on HPLC-MS system.
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3-(2,2,2-trifluoroethoxy)propanoate; 15. methyl nonanoate; 16. (R)-3-hydroxyheptanoic acid; 17. 3-
(2,2,2-trifluoroethoxy)heptanoic acid; 18. (R)-3-hydroxynonanoic acid; 19. 3-(2,2,2-
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24. 3-phenyl-3-(2,2,2-trifluoroethoxy)propanoic acid. 

Figure 1. Scheme of synthesis PHA and modifications their monomers (A+B: PHN synthesis
and methanolysis; C+D: Fluorination of PHN monomers E+G: methyl ester synthesis; F+H:
demethylation of substrates with CalB); 1. nonanoic acid; 2. poly-3-hydroxyhydroxynonaoate;
3. methyl (3R)-3-hydroxynonanoate; 4. methyl (3R)-3-hydroxyheptanoate; 5. 5-phenylpentanoic
acid; 6. poly-3-hydroxypentanoate; 7. methyl (3R)-3-hydroxy-5-phenylpentanoate; 8. methyl
(3R)-3-hydroxy-3-phenylpropanoate; 9. 2,2,2-trifluoroethyl trifluoromethyl sulfate; 10. methyl
(3R)-3-(2,2,2-trifluoroethoxy)nonanoate; 11. methyl (3R)-3-(2,2,2-trifluoroethoxy)heptanoate;
12. trifluoromethyl hydrogen sulfate; 13. methyl (3R)-5-phenyl-3-(2,2,2-trifluoroethoxy)pentanoate;
14. methyl 3-phenyl-3-(2,2,2-trifluoroethoxy)propanoate; 15. methyl nonanoate;
16. (R)-3-hydroxyheptanoic acid; 17. 3-(2,2,2-trifluoroethoxy)heptanoic acid; 18. (R)-3-hydroxynonanoic
acid; 19. 3-(2,2,2-trifluoroethoxy)nonanoic acid; 20. methyl 5-phenylpentanoate;
21. (R)-3-hydroxy-5-phenylpentanoic acid; 22. 5-phenyl-3-(2,2,2-trifluoroethoxy)pentanoic
acid; 23. (R)-3-hydroxy-3-phenylpropanoic acid; 24. 3-phenyl-3-(2,2,2-trifluoroethoxy)propanoic acid.
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Figure 2. Scheme of synthesis SFAE. 25. Glucose [(2S,5S)-6-(hydroxymethyl) oxane-2,3,4,5-tetrol];
26. [(3S,6S)-3,4,5,6- tetrahydroxyoxan-2-yl] methyl nonanoate]; 27. [(3S,6S)-3,4,5,6-tetrahydroxyoxan-2-yl]
methyl (3R)-3-hydroxynanonoate; 28. [(3S,6S)-3,4,5,6-tetrahydroxyoxan-2-yl] methyl (3R)
-3-hydroxyheptanoate; 29. [(3S,6S)-3,4,5,6-tetrahydroxyoxan-2-yl] methyl(3R)-3-(2,2,2-trifluoroethoxy)
nonanoate; 30. [(3S,6S)-3,4,5,6-tetrahydroxyoxan-2-yl] methyl (3R)-3-(2,2,2-trifluoroethoxy) heptanoate;
31. [(3S,6S)-3,4,5,6-tetrahydroxyoxan-2-yl] methyl 5-phenylpentanoate; 32. [(3S,6S)-3,4,5,6-
tetrahydroxyoxan-2-yl]methyl (3R) -3-hydroxy-3-phenylpropanoate; 33. [(3S,6S)-3,4,5,6-
tetrahydroxyoxan-2-yl] methyl (3R)-3-hydroxy-5-phenylpentanoate; 34. [(3S,6S)-3,4,5,6-tetrahydroxyoxan-2-yl]
methyl (3R)-3-phenyl-3-(2,2,2-trifluoroethoxy) propanoate; 35. [(3S,6S)-3,4,5,6-tetrahydroxyoxan-2-yl] methyl
(3R) -3-phenyl-3-(2,2,2-trifluoroethoxy) pentanoate.

3.4. LC-MS

The analyses were performed by UHPLC measurements on Agilent 1290 Infinity System with
automatic autosampler and MS Agilent 6460 Triple Quad Detector (Santa Clara, CA, USA) equipped
with Agilent Zorbax Eclipse Plus C18 column (2.1 × 50 mm, 1.8 µm). Separations were conducted at
30 ◦C at in a gradient of water (A) and methanol (B) according to the eluent program 0.00 min (95%
A/5% B) to 1.00 min (100% B) to 3.51 min (95% A/5% B) to 4.50 min (95% A/5% B) using a flow rate of
0.4 mL min−1. The 5 µl injections of samples were applied in duplicates. An MS Agilent 6460 Triple
Quad tandem mass spectrometer with an Agilent Jet Stream ESI interface was used in negative ion
polarization using either the Scan (MS2 scan) or Product Ion Scan modes. The optimum collision
energy was 5 eV for all of the products. Nitrogen at a flow rate of 10 L min−1 was used as the drying
gas and for collision-activated dissociation. The drying gas and sheath gas temperatures were set
to 350 ◦C. The capillary voltage was set to 3500 V, whereas the nozzle voltage was set to 500 V. All
compounds were monitored in scan and product ion modes with different collision energies (5–30 eV)
(m/z values of products in the Table 2). MassHunter software (Version B.05.00, Agilent, Santa Clara,
CA, USA) was used for HPLC-MS system control, data acquisition, and data processing.

3.5. Antimicrobial Testing

The studies of antimicrobial activity were conducted for modified and non-modified PHA
monomers (acids) and their SFAE derivatives using clinical and reference strains of bacteria and
yeast-like fungi from international microbe collections: ATCC (American Type Culture Collection),
NCTC (National Collection of Type Culture) and CIP (The Collection de l’Institut Pasteur). Among
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reference strains, there were seven Gram-positive bacteria (Staphylococcus aureus NCTC 4163, S. aureus
ATCC 6538, S. epidermidis ATCC 12228, S. epidermidis ATCC 35984, Enterococcus hirae ATCC 10541,
Bacillus cereus ATCC 17778 and B. subtilis ATCC 6633) and four Gram-negative bacteria (Pseudomonas
aeruginosa ATCC 27853, Escherichia coli ATCC 25922, Salmonella enterica subsp. enterica CIP 108115
and clinical isolate of Listeria monocytogenes). The yeast-like fungi used in this study were Candida
spp. (C. parapsilosis ATCC 22019, C. krusei ATCC 6258, C. albicans ATCC 90028 and C. albicans ATCC
10231). Compounds antimicrobial activity was expressed as minimum inhibitory concentration (MIC)
according to The European Committee on Antimicrobial Susceptibility Testing (EUCAST) and The
Clinical & Laboratory Standards Institute (CLSI) reference procedures with some modification. MIC
was tested by the twofold serial microdilution method (in 96-well microtiter plates) on MH II liquid
medium for bacteria or RPMI- 1640 medium for Candida species. The final inoculum of all studies
bacteria was 106◦ CFU/mL (colony forming unit per mL) and 5 × 104 to 2.5 × 105 CFU mL−1 for yeast.
The stock solutions of tested compounds were prepared in DMSO and diluted in sterile medium (to
maximum 3% of solvent content). The concentrations of compounds were from 78 to 5000 µg mL−1.
The MIC value was the lowest concentration of the researched compound at which bacteria growth was
no longer observed after 18 h. Yeast growth was evaluated by absorbance measurement at 530 nm after
at least 24 h of incubation. The MIC was defined as a 50% or more reduction in growth compared to the
control well [38,48]. As controls, two antimicrobial compounds were used: ciprofloxacin (antibacterial)
and fluxonazole (antifungal).

4. Conclusions

This work provides an insight into synthesis of novel range of compounds derived from bacterial
polyesters – polyhydroxyalkanoates. Firstly, we have established a methodology for protection
of hydroxyl group of PHA derived monomers by introducing a fluorinated moiety via an etheric
bond. Secondly, we developed a protocol for biocatalytic acylation of glucose with these bacterially
derived fatty acids. Further in the study we have tested antimicrobial potential of these unmodified
and modified PHA derivatives. The obtained compounds revealed moderate antibacterial and
antifungal activities. Further research is needed in order to increase the antimicrobial activity of either
PHA monomers or their sugar esters by introduction of other bioactive structural components to
their moieties.
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