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1. Biosynthesis and characterization of acidic sophorolipid (ASL)

ASL (1-carboxyl-dodecyl-B-D-glucopyranosyl-(1-2')-a-D-glucopyranose) was produced by the Bio Base
Europe Pilot Plant, Ghent, Belgium, as described below.

1.1. Biosynthesis and purification

The production medium used for sophorolipids was described by Lang et al., (2001) and the strain used
was the S. bombicola Asble strain described by Ciesielska et al.! selectively producing acidic sophorolipids.

Fed-batch fermentation was performed in a Biostat B culture vessel (Sartorius- BBl systems) with a
maximum working volume of 1.5 L. Temperature, pH and pO,setpoints were set at 30°C, 3.5 and 30
%respectively by the Biostat B control unit. In order to inoculate the bioreactor, 100 mL of an overnight
grown shake flask culture (30°C, 200 rpm) was employed. The pH of the fermentation started at pH 5.8
and was allowed to drop spontaneously until pH 3.5 and 5 M NaOH was used to maintain this pH. Feeding
of rapeseed oil was initiated 48 h after inoculation and was adjusted to the consumption rate. Additional
glucose was added 150 h after inoculation. Sophorolipids were purified by applying a microfiltration step
to remove the biomass, followed by a two-step ultrafiltration as described by Roelants et al.? Finally,
hydrolysis of the mixture of acetylated and non-acetylated acidic SLs produced by this strain to obtain the
acidic COOH form of SL is performed with 5 M NaOH solution followed by an ultrafiltration step to remove
the salts.? The retentate of the last ultrafiltration step was then dried to an “off-white” powder by freeze
drying.

Table S1. HPLC and GC analysis of ASL batch APS-DSP06

Parameter % Method
Dry Matter 98.72 Infrared balance 105°C
Glucose 0.015 HPLC-Metacarb
Glycerol n.d.* HPLC-Metacarb

Free fatty acid/alcohol Internal method BBEPP

<0.001
content GC with FID detector

Protein <1 BCA protein assay

*n.d. = below detection limit

1.2. Characterization of ASL

The purified product (batch # APS-DSP06) was analyzed using FTIR (Figure S1). The FTIR spectrum of ASL
power was measured using a Bruker Vertex 80v spectrometer at a resolution of 4 cm™ using a narrow
band liquid nitrogen cooled MCT detector and a Platinum ATR accessory with a diamond ATR element.
Its FTIR spectrum is similar to that reported by Baccile et al.2 It shows that the carboxyl headgroup (the
C=0 peak occurs at 1720 cm™?) is mostly in the protonated state.
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Figure S1. FTIR spectrum of ASL powder.

The residual glucose/glycerol and free fatty acids/oil (diethylether/heptane 50:50 extraction 1:1) were
analyzed using high-performance liquid chromatography with an evaporative light scattering detector
(HPLC-ELSD) and gas chromatography (GC) analysis with a flame ionization detector (FID), respectively*
(Table S1 and Figure S2). The final compound is primarily (>95%) comprised of acidic sophorolipids with
90.4% non-acetylated ASL C18:1 and 9.6% non-acetylated acidic sophorolipids with C18:0, C18:2 fatty
acids.

Analysis of the ASL structure was done on micellar ASL solutions with *H and *C NMR
(CDCl3/CHs0D=1:1). An average downfield shift from 172 ppm to 177 ppm was used as a reference to
verify the formation of the COOH group. More info on the purification and characterization of ASL can
be found in Ref.? ICP-MS revealed that the main metal impurity is Na, the concentration of which in 1
mM ASL solution is ca. 0.1 uM (Table S3). Multivalent metals are present in trace amounts.
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Figure S2. HPLC-ELSD chromatogram of ASL with the main peak being non-acetylated acidic SL C18:1
(Scheme 1).



Table S2. Composition based on peak areas in the HPLC-ELSD chromatogram of the ASL APS DSP06

product shown in Figure S2.

incorporated C18:0, C18:2 fatty acids)

ASL component Peak area Amount (%)
Non-acetylated ASL C18:1 (main peak) 5426.6 90.4
Other sophorolipids (mainly non-acetylated ASL with 5777 9.6

Table S3. ICP-MS analysis of a 1 mM (621.7 mg/L) ASL solution

Metal lon Concentration, RSD, %
ug/L
Na 2,103.6 1.9
Mg 2.46 4.0
Al 5.5 9.7
P 13.07 2.7
S 713 1.6
Ca 11.4 5.7
Ti 0.12 11.8
Fe 2.9 2.4
Cu 3.8 4.5

2. Characterization of Djurleite

Figure S3. Djurleite mineral as received from the supplier
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Figure S4. XRD of the —20 um size fraction of djurleite

The phase composition of the minerals was analyzed by the X-ray diffraction (XRD) method using a
BRUKER AXS D- advanced diffractometer with a Co anode (A=1.79 A). The detector used was LynxEye at
35 kV and a current of 40 mA. Scans were made in a 26 range of 3—80° with a total exposure time of 70
min. For both the mineral powders a step size of 0.0116° was used.

XRD analysis (Figure S4) shows that the djurleite mineral consists of 86.4% of djurleite (Cu1.04S), while
the rest is other copper sulfides including 6.1% of djurleite (Cu,S), 5.8 % anilite (CusS4), and 1.7% of
digenite (CugSs).



3. Additional data
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Figure S5. XPS survey spectra of djurleite particles conditioned in water, as well as in 10® and 10> M ASL
solutions for 30 min. The conditioned particles were dried and mounted on an indium foil (Figure S8). The
spectra show no In peaks. The most intensive peaks (In 3d) are expected at ca. 450 eV.
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Figure S6. SEM of —20um fraction conditioned in water at pH 7 for 30 min. The particles were adhered to
a carbon tape. The image was obtained using a Zeiss EVO 50 scanning electron microscope at an electron
high tension voltage of 5 kV.
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Figure S7. Calibration curve for the TOC analysis.

Figure S8. Mounting of sulfide particles on the XPS holder using an indium foil and double-sided carbon
tape.
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Figure S9. Extraction of the CMC values of ASL from surface tension



The surface tension (y) values were used to determine the surface excess (I};4,) and minimum surface
area (Amin) of ASL at the air-water interface from the slope of the linear part of y vs In C using the following
equations,>®

1 dy

I =-
max nRT ~ dinc’

Amin=——,

NTax
where R is the gas constant (8.314 J-K™*-mol™?), N is the Avogadro’s number, and n is the molecule specific
dissociation number (the Gibbs prefactor). This number was taken as 1 at pH 4 and 7 on the basis of the
earlier finding that ASL is weakly ionized at natural pH.” At pH 11, n was taken as 2 taking into account the
pH dependence of the surface tension (Figure 1b) which suggests that most of the carboxyl groups of ASL

are deprotonated at this pH.
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Figure $10. Effect of pH on zeta potential of —10 um djurleite in water in the absence (dashed line) and
presence (solid line) of 1x10> M ASL established in 5 min. The maximum standard deviation in triplicate
measurement is 5 mV.
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Figure S11. Zeta Potential of the ASL-Cu(l1)-SO4*~ precipitate as a function of pH in water. The maximum
standard deviation in triplicate measurement is 5 mV.



Cu/S ratio
w S [4,] (2]

N}
N

4 ./.\

F

[N

0

T T T T T
0 200 400 600 800 1000
ASL Concentration (um)

Figure S12. Effect of ASL concentration on the Cu/S ratio in solution from Figure 3b. The graph shows that
dissolution of S and leaching of Cu dominates at low and high ASL concentrations, respectively.
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Figure S13. (a) Effect of ASL concentration on the Cu LsM4,sMa s Auger peak of djurleite at pH 7
(corresponds to the XPS spectra shown in Figure 9a of the main text). (b) XPS C 1 spectrum of
adventitious carbon on djurleite conditioned in water at pH 7. Black arrows in (a) show small peaks at
914 eV and 920.5 eV typical of Cu,S. Interpretation is based on Refs.2® The C 1s spectrum in (a) displays
the principal peaks at 284.6 and 286.2 eV of the sp? saturated carbon and the carbon atoms bonded to
oxygen, respectively.'® Small peaks at 288.1 and 291.1 eV are in the range of carboxylate and carbonate

groups, respectively.®
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Figure S14. (a) Comparison of XPS C 1 s peaks of ASL and acidic glucolipid (AGL). (b) Chemical structure

of AGL.
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Figure S15. (a) Cu LsM4sMas Auger, (b) XPS O 1s, and (c) S 2p spectra of the ASL-Cu(ll)-SO4>™ precipitate.
(b) also shows for comparison the O1s peaks of solid ASL and djurleite conditioned at 1 mM ASL (pH 7).
The S 2p spectrum in (c) is curve-fitted with two spin-orbit doublets, the main being at 168.8 eV, where
the S 2p peak of Cu(l1)SO4 has been reported.!
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Figure $16. Comparison of ATR FTIR spectra of the ASL-Cu(Il)-SO4*~ precipitate and molecular ASL (initial
surfactant in the powder form). The peak assighment can be found in Ref.3

To get complementary information about the coordination of the ASL headgroups in the ASL-Cu(Il)-SO4*
precipitate, we compare its ATR FTIR spectrum with that of bulk ASL (Figure S16).

As seen from Figure S16, the sharp bands observed for the ASL powder become smeared in the case of
the ASL-Cu(ll)-SO4*" precipitate, which indicates that the latter is in the amorphous state. Importantly, the
pronounced v,sC=0(OH) peak at 1720-1700 cm™ of the COOH group of ASL (which is mostly due to the
C=0 stretching) is replaced by a new structured band at 1650 cm™. This band is assigned to the
asymmetric stretching vibration v,sCO,~ of the carboxylate group of a monodentate COO-Cu(ll) complex.
In fact, solid Na laurate is characterized by the v,sCO,™ band at 1560 cm™, while the Cu(ll)-carboxylate
chelating (bidentate mononuclear) complexes of fatty acids are characterized by the v.,CO, peak at ca.
1590 cm™.1213 The higher frequency of this vibration in the ASL-Cu(Il)-S04>" precipitate suggests that only
one of the O atoms of its carboxylate groups is involved into the complexation with Cu(ll). This finding
supports the proposed formation of the ASL-Cu(ll) ring complex (3).

In addition, Figure S16 demonstrates that the sophorose bands of the precipitate at 800-1200 cm™ are
significantly different as compared to ASL. Specifically, a doublet at 1050 cm™ is smeared out, which is
ptoblematic to interpret as it is expected to have a contribution from the v.S-O stretching vibrations of
coordinated SO;*. However, the other changes strongly suggest that the sophorose group directly
interacts with Cu(ll). In particular, a peak at 1160 cm™ assigned to the C—O—C glucosidic linkage stretch
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coupled with C—OH stretch and OH deformation® disappears. In addition, a band due to the axial C;H
deformation doublet at 900 cm™ transforms to a broad singlet shifted to 860 cm™.

Hence, the FTIR spectra fully corroborate the XPS-based conclusion that both the headgroups of ASL are
coordinated by Cu(ll) in the precipitate, as well as support the formation of the ASL-Cu(ll) ring complex

(3).
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Figure S17. Effect of the exposure to the XPS conditions on the Cu 2p spectrum of djurleite conditioned
in a 10" M ASL solution at pH 7. The first scan demonstrates a higher relative intensity of the Cu(ll)
component (labelled by an arrow).
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Figure S18. Curve-fitted XPS S 2p spectrum of djurleite conditioned in 1-mM ASL solution at pH 7 (Figure
9c¢). It shows three duplets with the main peaks at 161.2, 162.3, and 168.5 eV assigned to the S atoms of
djurleite, polysulfides, and sulfate, respectively.
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