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1. Introduction

The contamination of wastewater by microplastic particles (MPs) is an

unresolved environmental problem. In order to resolve this problem, a
concept is developed for the microbial remediation of MPs. To realize this
concept, degradable block copolymers are required, which adhere on MP
surfaces and contain segments of carbohydrate moieties (here galactose) for
the attraction of degrading microbes and accelerated biofilm formation.
Therefore, in this study, a versatile synthesis route for amphiphilic
carbohydrate block copolymers from poly(p,L-lactic acid) (PLA) and galactose
moieties is presented. The properties of the block copolymers are investigated
by thermal analysis, as well as regarding their colloidal properties, their
adhesion behavior on MP surfaces, and their potential for support of

microbial growth (using Lacticaseibacillus zeae).
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The contamination with microplastic debris
is an emerging environmental problem.!"’
Microplastic particles (MPs) are defined as
polymer particles with a size of <5 mm.[?!
MP can have complex shapes (e.g., spher-
ical, fibrous, and irregular) and have dif-
ferent chemical compositions.[*! Primary
and secondary MPs are known. Primary
MPs are produced intentionally for vari-
ous technical uses, e.g., in cosmetics, while
secondary MPs are formed by degradation
processes from larger plastic particles.*]
Aquatic systems (e.g., oceans,®! rivers,[®]
and lakes!”)), soil,®! and the atmosphere!”!
are increasingly contaminated by MPs.
Various strategies were developed in order to remove existing MP
contamination from the environment with the focus mostly on
aquatic systems.['”) The major strategies for the removal of MPs
from aquatic systems are based on filtration, coagulation, and
chemical/enzymatic degradation. Currently, physical removal is
the most popular strategy, but such strategies become less suited
as the particles become smaller. Bioremediation strategies us-
ing bacterial or fungal degradation currently are still in a pre-
mature state. However, the feasibility of such bioremediation
strategies has been proposed. For example, fungal degradation
of polyethylene MP was found with marine fungi.'!l Bacterial
degradation of macroscopic samples of poly(ethylene terephtha-
late) (PET) was achieved with a newly identified strain named
Ideonella sakaiensis 201-F6, which expresses the catabolic enzyme
PETase.!"?] Periphytic biofilms were utilized for the degradation
of PET.['*] The rate of degradation by the biofilms was increased
by addition of glucose. All these promising approaches also show
that further conditioning is required in order to achieve fast, com-
plete, and selective degradation of MPs by microbes. The degra-
dation of MPs in wastewater plants is of particular interest in this
context.

In order to triggered microbial degradation of MPs in wastew-
ater plants, we consider a concept based on the addition of hy-
drophobic poly(p,1-lactic acid) (PLA) block copolymers with hy-
drophilic galactose moieties. The basic working hypothesis is that
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such an amphiphilic block copolymer will deposit on MP parti-
cles. The galactose-containing blocks will attract microbes as a
potential food source and thereby trigger the biofilm formation,
which finally leads to the microbial metabolization of the MPs
with suitable microbes in the biofilm. PLA was selected as a hy-
drophobic block as it is well known to be biodegradable in the
environment.['* The carbohydrate galactose was selected as car-
bohydrates are well-known substrates for microbes. The synthe-
sis of PLA block copolymers with galactose moieties is possible
by reversible addition-fragmentation chain-transfer (RAFT) poly-
merization as recently demonstrated by the Stenzel group.!*! For
the realization of the concept of the block copolymer triggering
biofilm formation on MPs in waste water, efficient synthesis of
the educts for the block copolymers and knowledge about their
colloidal properties are essential first steps. Both aspects will be
discussed in this contribution along with the important question
whether microbes are attracted by and do digest the polymer-
bound galactose moieties. We have utilized an assay with Lacti-
caseibacillus zeae as model organism for the investigation of this
crucial aspect. It should be emphasized, that L. zeae cannot di-
gest any plastics but serves in this study for the investigation of
the microbial metabolizability of the block copolymers, which is
a crucial precondition for the success of the concept.

2. Results and Discussion

2.1. Synthesis of the Block Copolymer
Poly-p,L-Lactide-co-Poly(6-O-Acryloyl-R-p-Galactopyranose)

The reaction pathway for the synthesis of the galactose block
copolymers is displayed in Scheme 1. First, the RAFT reagent 5
was synthesized, which served as an initiator for the ring-opening
polymerization (ROP) of LA. According to a previously published
procedure,!®! the RAFT-functionalized PLA block 8 was used
as a macroinitiator for the polymerization of the vinyl-galactose
(GA) 12, which finally resulted in the PLA-b-PAlpGP 14. In de-
tail, the RAFT agent 5 was synthesized by the reaction of mer-
captoethanol 1 and carbon disulfide 2 in attendance of potassium
triphosphate 4. After 10 min, benzyl bromide 3 was introduced
and stirred for 1 h following a previous published procedure.!'®!
The chemical structure and purity of 5 were confirmed by 'H-
NMR spectroscopy (Figure S1, Supporting Information). 5 was
carried out for the termination in the ROP of 6 (LA), which was
initiated by di-azabicycloundecen (7 DBU). The ROP was pro-
ceeded at room temperature (rt) and with a reaction time of only
7 min to yield 95% (based on the initial monomer mass) of the
PLA macroinitiator 8. Gel permeation chromatography (GPC) of
8 showed a unimodal molecular weight distribution, with an ap-
parent number average molecular weight of M, ,,, = 24.000 g
mol~! (D = 1.16) (Figure 1). The 'H-NMR showed the character-
istic peaks of PLA. Based on the peaks that can be assigned to 8, a
molecular weight of 16.100 g mol™" can be calculated (Figure S2,
Supporting Information).

For the block copolymerization, the protected galactose
molecule was provided with a polymerizable double bond 12.
Therefore, a-p-galactopyranose 10 was reacted with acryloyl chlo-
ride 9 in the presence of triethyl amine 11 in a very short reac-
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tion time. High purity of 12 was achieved even without column
chromatography. The obtained monomer 12 (Figure S3, Support-
ing Information) was polymerized by RAFT polymerization with
8 and 13 as an initiator. The GPC measurement of 14 showed
also a unimodal molecular weight distribution, with an appar-
ent number average molecular weight of M, , ., = 31.000 g mol !
(P = 1.42) (Figure 1). This proves that the polymerization was
successful. The low-molecular-weight tailing in the block copoly-
mer can be assigned to the fraction of chains, which is formed as
a result of the azobis-isobutyronitrile (AIBN) initiated step. This
small fraction is not able to form block copolymers and will even-
tually be terminated. Some broadening might also be the result
of incomplete chain extension of 8.1'7] The galactose block in the
polymer is therefore about 7.000 g mol~'.

Infrared spectroscopy showed that the deprotection of 14 was
efficient (Figure 2). While the carbonyl vibrations remain un-
changed, the deprotected polymer 15 shows in the IR spectra a
broad signal at 3400 cm™! (Figure 2), which proofs the successful
deacetalization and formation of hydroxyl groups.

The 'H-NMR spectra of 14 and 15 show the characteristic
signals for PLA as well as those of galactose (Figure 3A,B). The
molecular weight of the sugar block can be calculated by relating
the integrals of the peaks from PLA and the sugar (Figure 3A).
As the PLA block has 220 repeat units (Figure S2, Supporting
Information), 73 repeat units are obtained for the sugar block
and thus the polymer with the composition PLA,,-b-PAlpGP-, is
obtained

The signals of the spectra of 12 and 14 match each other, and
the signals between 6.39 and 5.80 ppm belonging to the vinyl
groups of the monomer have vanished (Figure S3, Supporting In-
formation). In addition, the protective groups of 14 are no longer
detectable in the spectrum of 15 (Figure 3B). We conclude that
the deprotection was near quantitative.

14 shows a two-stage thermal degradation, with the first stage
mainly degrading PLA and the second stage degrading the galac-
tose block (Figure S4, Supporting Information). The first T, ..
is at 345 °C and within the first stage almost 76% of the mass
of the polymer is degraded. In the second step with a T, ,, of
433 °C, 13% of the mass is degraded. 15 loses 3% of its mass
at 100 °C. This results because of many hydroxyl groups in 15,
which are released as water vapor. Subsequently, there are sev-
eral degradation steps that occur via rearrangements in the sugar
residues.'8 The largest degradation step comes from the PLA. In
the differential scanning calorimetry (DSC) measurements, the
glass transition temperature (T,) values of PLA and of the galac-
tose block are still visible (Figure S5, Supporting Information). In
the measurement of 15, the T, of PLA is 62 °C and that of AlpGP
is 108 °C. Comparing the values with those of 14 shows that the
T, of PLA at 53 °C is slightly lower than that of 14. However, this
is due to the higher heating rate during the measurement. More
striking is the T, of acryloyl-galactopyranose (AGP), which is now
152 °C and thus 30% higher than the T, of 14. Since there are
many hydroxide groups in 14 that form hydrogen bridges, the T,
in 15 increases to 152 °C. 14 and 15 are amorphous as confirmed
by wide-angle X-ray scattering (WAXS, Figure S6, Supporting In-
formation). The signals are in the range of 7°-25° and agree with
those of amorphous PLA (Table 1).1*°]
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Scheme 1. Reaction schemes from |) the synthesis of the RAFT reagent, I1) the ring-opening polymerization of b,L-lactic acid, Ill) the synthesis of the
1,2:3,4-di-O-isopropylidene-6-O-acryloyl-a-p-galactopyranose, and IV) the RAFT reaction, which leads to the block-copolymer PLA-b-PAIpGP. V) After

deprotection, the polymer PLA,,4-b-PAGP;; was obtained.

2.2. Formation of Micelles

The potential amphiphilic properties of 15 constitute an impor-
tant precondition for intended adherence of 15 on MP surfaces.
Therefore, we investigated the basic colloidal properties of 15 in
aqueous environment starting from a solution of 15 in an organic
solvent. 15 was first dissolved in dimethyl sulfoxide (DMSO). The
addition of water to the DM SO solution of 15 initiated phase sep-
arations indicated by the turbidity of the mixture (Figure S7, Sup-
porting Information), which is mostlikely due to the formation of
micelles. The micelle formation was confirmed by dynamic light
scattering (DLS) after removal of the DMSO by dialysis. The re-
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sulting aqueous dispersion of 15 contained micelles with an av-
erage size of 168 nm (peak value) (Figure 4).

The zeta potential of the aqueous dispersion of 15 is
—20.23 mV, which is in the expected range, in view of the hy-
droxyl groups of 15. It can be assumed that in the aqueous dis-
persion the galactose block is on the surface of the micelles,
whereas the PLA forms the core. Since the concentration of the
stock solution cannot be determined unambiguously after dialy-
sis, a different procedure was used for the evaluation of the criti-
cal micelle concentration (CMC). 15 was dissolved in DM SO fol-
lowed by the addition of water. The CMC of 15 is 5.0 uyg mL™" as
determined by dilution experiments and by DLS measurement

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 1. GPC measurement of 8 with an apparent number average molec-
ular weight of M, ., = 24.000 g mol~! (D = 1.16) in red and 14 with an
apparent number average molecular weight of M =31.000 g mol™!
(B = 1.42) in black.
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Figure 2. IR measurement of 14 in red and 15 in black.

(Figure S8, Supporting Information). Here, less than 0.5 uL of
DMSO is dissolved per mL of water. It is already known that co-
solvents like DM SO increase the CMC because they inhibit mi-
celle formation.[?! However, large deviations are only observed
at higher concentrations of the cosolvent and can therefore be
neglected.[?!] Remarkably, the hydrodynamic radius of the mi-
celles decreased with reduced concentration above the CMC. For
example, the micelles displayed an average diameter of 40 nm at
a concentration of 0.25 mg mL~! in water at 24 °C. The CMC was
too determined by fluorescence spectroscopy. The measurements
support the results obtained with DLS (Figure S9, Supporting In-
formation). The fluorescent dye used was 8-anilinonaphthalene-
1-sulfonic acid (ANS). Similar results regarding the CMC of a
dextran block copolymer with PLA in aqueous dispersion were
reported by Zhao et al.1??]
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2.3. Deposition on Various Polymeric Surfaces

To investigate whether the micelles can interact with the surface
of various polymers, dip model coating studies were carried out
with film samples. For this purpose, an aqueous dispersion of
15 at a concentration of 2.5 mg mL~! was prepared. Films of
PLA, polypropylene (PP), perfluoroalkoxy (PFA), and polystyrene
(PS) were immersed in the solution for dynamic coating. The
dipping duration and frequency were varied. A new micelle
dispersion was taken for each series to ensure the same micelle
concentration. The samples were then dried for 24 h at room
temperature (Figure S10, Supporting Information) and analyzed
by contact angle measurement (Figure 5; Table S1, Supporting
Information). A reference from polymer film was used for
comparison.

With the PLA substrate, it is obvious that both the duration
of dipping and the frequency are important. The longer the sub-
strate is in solution, the thicker the layer of micelles on the sur-
face becomes, which reduces the contact angle. The same effect
is observed with the substrate PP, but it is less significant. PFA,
which is a Teflon derivative, shows a different tendency. Here the
contact angle is smaller for all samples than for the reference, but
the longer and more frequently the substrate is dipped into the
solution, the higher the contact angle becomes. The reason for
this could be that the frequent immersion washes off the micelle
layer. Since the surface of PFA has a very low surface tension, it
is difficult to wet. With PS, on the other hand, all samples have
a lower contact angle than the reference, but the frequency and
duration of dipping do not change the contact angle (Figure S12,
Supporting Information). It can be assumed that the surface of
the substrate is saturated after a few seconds.

To investigate whether the surface of the substrate is perma-
nently covered or dynamic, all samples were immersed in water
for 24 h (Figure S11, Supporting Information). They were dried
at room temperature for 24 h, and the contact angle was again
measured (Figure 6; Table S2, Supporting Information). With
the PLA substrate, the contact angles increased, but the surface
was still covered by 15. The trend from the previous measure-
ment concerning the decreasing contact angle with an increased
dipping duration and frequency remained. The reason for the
permanent deposition is hydrogen bridges between the esters
in the PLA backbone and the hydroxyl groups on the surface of
the micelles. For all other substrates, the surface was no longer
showing lower contact angles as compared to the reference sam-
ples (Figure S12, Supporting Information). This proves that the
micelles are deposited on the surfaces by dipping the polymers
in the aqueous micelle dispersion but do not interact with it.

2.4. Biological Degradation of 15

To investigate the propensity of the galactose moieties in the pro-
duced block copolymers for metabolization by microbes, the bac-
teria strain L. zeae was used as model organism. This particular
strain is known for its ability to metabolize a number of carbohy-
drates including galactose.[?’]

Growth of L. zeae in the presence of free galactose (20 g L™')
as a C-source is shown in Figure 7A. The recorded culture trip-
licates show similar tendencies; initially, there is a lag phase of
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ADVANCED
SCIENCE NEWS

‘[M acro-
olecular
Chemistry ana Physics

www.advancedsciencenews.com

el X - ‘o l}
N s s Oy Ton
U\/j o“fom ox(. 0 n
i L P
O
o‘%.

CDCly

034

e
E}

www.mcp-journal.de

-

75 70 65 6.0

o

.5 5.0 25

45 4.0 3.5 3.0
Chemical Shift [ppm]

1.5 1.0 0.5 6.0 52 4.4 3.6
Chemical

Figure 3. TH-NMR (300 MHz) of A) the protected polymer 14 measured in CDCl; and B) the deprotected 15 in DMSO.

Table 1. Data of thermal analysis measured by DSC and thermogravimetric
analysis (TGA).

Polymer Tg1a) Te 2 Tso, b Trnax ?
[°q [q rd r°d
14 62 108 318 345, 433
15 55 152 210 71, 224, 280, 359, 409

?psc: T, values were determined from the second heating cycle (scanning rate =
50 K min~! for 14 and 50 K min~" for 15 under nitrogen); ) TGA: Temperature at
5% weight loss (Tse, was determined by TGA measurements at 10 K min~' under
nitrogen. T,,., was determined from the first derivative of the TGA trace.
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Figure 4. DLS measurement of 15 micelles in aqueous dispersion and a
concentration of 2.5 mg mL™.

about 20 h, followed by an exponential growth phase lasting for
another 45 h and reaching an OD,, of about 3, followed by a
death phase. The average maximum growth rate, u, ., in the ex-
ponential phase was 0.034 h=1. By comparison, there was hardly
any growth in just the basal medium lacking galactose as a C-
source (Figure 7B).

When ~20 g L' of galactose was supplied via 15 to the basal
medium, a similar growth behavior as in the presence of free
galactose was typically seen, Figure 7C, albeit with a slightly lower
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maximum growth rate (average u . : 0.018 h™1). The duration of
the growth phases in particular was similar. This could be an indi-
cation that access to the polymer-bound galactose was more diffi-
cult compared to free galactose. The nondecorated PLA backbone
(8) alone, on the other hand, was also not able to support growth
of L. zeae (Figure 7D); another indication is that indeed the galac-
tose units of the block copolymer were serving as the C-source to
the bacteria.

After the cultivation had been terminated, the rest of the sedi-
mented polymer was recovered and cleaned by washing it several
times with water before centrifugation. Subsequently, IR mea-
surements were taken, which showed that the hydroxyl band at
3400 cm™! was no longer in evidence (Figure 8). Obviously, the
galactose moieties originally present in 15 had been neatly re-
moved and consumed. The signals of PLA, on the other hand,
were still recorded. So, significant biodegradation of these struc-
tures within the 100 h of cultivation had apparently not taken
place.

For a more precise analysis of the structure, but also the quan-
tities of remaining polymer blocks, 'H-NMR spectra were, in ad-
dition, recorded (Figure 9). Again, no unprotected galactose moi-
eties could be detected in the spectra of the residues recovered
from the cultivations presented in Figure 7C. On the other hand,
a small amount of 14 (protected galactose units) tends to remain
in 15 after deprotection and evidence for this material was still
found in the sediment. Obviously, the bacteria can metabolize the
galactose moieties, but not 14, due to the protective groups (Fig-
ure S13, Supporting Information). Moreover, the ratio between
the protected galactose units and that of PLA remained the same
(Figure S14, Supporting Information), supporting our assump-
tion that the PLA block is not attacked by the bacteria.

Finally, the solubility behavior of the samples changed after
cultivation. Although 15 could only be dissolved in DMSO, the
sediment recovered post cultivation is soluble in chloroform as
well. One possible reason for this is that the amphiphilicity of 15
was reduced during the cultivation with the bacterium L. zeae.
In consequence, the resulting block copolymers are soluble in
significantly more solvents.

Finally, attention should be drawn to the cultivation presented
in Figure 10. For all practical means, this cultivation is an exact
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Figure 7. A) Growth curve of L. zege in basic medium and galactose. B) Cultivation of L. zeae in basic medium. C) Cultivation of L. zeae in basic medium
with 15. D) Cultivation of L. zeae in basic medium and 8. The measurement was only made once as a reference to prove if the higher ODgq, values
caused due to the galactose in the polymer and not due to PLA. Panels (A)—(C) were prepared as triplicates. In panel (C) only two of the three triplicates

were shown.
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Figure 8. IR measurement of 15 before the biological single cultivation
with L. zeae in black and afterward in red and blue.

replicate of the cultivations presented in Figure 7C, ie., all ex-
perimental conditions were identical. However, the development
of the ODy,, shows significant differences, while in the 'H-NMR
analysis (Figure 9) of the recovered material (Figure S15, Support-
ing Information), the protected galactose moieties are no longer
detected. Signals corresponding to PLA are still in evidence, but

Macromol. Chem. Phys. 2022, 2100431 2100431 (7 of 10)

the amount of PLA found is an order of magnitude lower than in
case of the previously discussed cultivations.

Contamination of the culture by other bacteria is unlikely, in-
stead it can be speculated that the bacteria in this case succeeded
in breaking down the polymer backbone, in particular the PLA
blocks, perhaps thereby rendering the protected galactose moi-
eties in 15 more accessible and making the lactic acid available
for consumption. Lacticaseibacillus zeae is able to produce sev-
eral esterases, which presumably are able to breakdown PLA
structures.[?*] As far as we know, these esterases are produced as
intracellular enzymes. However, their release, perhaps from dead
cells, would constitute a considerable advantage for the general
population when grown on sugar-decorated polymers.

3. Conclusion

In this study, the block copolymers 14 and the deprotected 15
were synthesized based on an efficient procedure for the educts.
This enables synthesis at large scale, which opens completely
new areas of application for these amphiphilic block copolymers.
The polymers were analyzed by IR spectroscopy, 'H-NMR spec-
troscopy, thermal analysis, and WAXS. It was shown that the
synthesis leads to an amorphous amphiphilic block copolymer
with galactose moieties. Based on these results, 15 was analyzed
for its ability to form micelles in aqueous environment. DLS mea-
surements and fluorescence spectroscopy indicated that micelles
were formed and a CMC could be determined. As the concen-

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 10. Cultivation of L. zeae in basic medium with 15. Two points could
not be measured (41 and 44 h) because the ODg, was too high.

tration of polymer in the solution decreases, the hydrodynamic
radius of the micelles can also be reduced. Based on the negative
zeta potential, it could be concluded that the galactose block of
the amphiphilic block copolymer is on the surface of the micelle.
Finally, contact angle measurements demonstrated that the syn-
thesized polymer could be dip-coated onto the surfaces of various
commercial polymers like PLA, PP, PFA, and PS by dynamic wet-
ting. However, it was also shown that the coating can be washed
off again by water. This showed that the polymers have a layer of
micelles on them due to wetting with aqueous micelle solution.
But there appears to be hardly any interaction between the poly-
mers and the micelles, so they can be rinsed off. As known from
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previous studies, the interaction of amphiphilic block copolymers
with hydrophobic polymers or surfaces is restricted to hydropho-
bic block volume fraction and the length of the hydrophobic
block.?* Only PLA can interact with the micelles due to hydro-
gen bonding between the ester groups in the backbone and the
hydroxyl groups of the micelles. Due to the galactose residues in
the polymer and the high surface area of micelles, the polymer
shows a high attractiveness for microorganisms as demonstrated
with the bacterium L. zeae as a model organism. In addition,
IR and NMR spectroscopy showed that the galactose moieties
can be metabolized by the bacteria. 15 was completely metabo-
lized. Only 14 was found in the sediment, which remained as a
negligible residue in 15 after deprotection. The next important
step would be to use technical facilities such as composting
plants or sewage treatment plants. The accelerated degradation
of microplastic particles in the presence of 15 can then be inves-
tigated using the various microorganisms contained therein. In
conclusion, the potential for coating of microplastic particles by
sugar-block copolymers for the formation is given, but clearly
further modifications on the block copolymers are required in or-
der to fully exploit their potential for the microbial degradation of
micro- and neoplastic plastic particles in aqueous environment.
Upcoming investigation of the sugar-block copolymers will be
performed with microorganisms, which are known to digest
plastics.

4. Experimental Section

Materials: Mercaptoethanol was purchased from Merck, carbon
disulfide, triethylamine, a,a,a-trifluortoluene, AIBN, and benzylbromide
were purchased from Sigma Aldrich. p,L-lactic acid was from Corbion
Purac. 1,8-Diazobicyclo[5.4.0Jundec-7-ene and the fluorescent dye 8-
anilinonaphthalene-1-sulfonic acid were procured from TCI. 1,2:3,4-Di-O-
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isopropylidene-a-p-galactopyranose was purchased from ABCR. Triethy-
lamine and dichloromethane were dried over CaH, and distilled under
protecting gas. Acryloyl chloride from Alfa Aesar was purified by conden-
sation. AIBN was recrystallized three times in methanol. For biological
cultivation tests, all materials were purchased from Griissing GmbH or
Carl Roth. Lacticaseibacillus zeae (DSMZ 20178) was purchased from Ger-
man Collection of Microorganisms and Cell Cultures (DSMZ). The basic
media for cultivation were modified after a previously published media
composition:[?°] autoclaved Milli-Q water; peptone, 5 g L™'; yeast extract,
5gL1; K;HPO,, 5 g L7 and KH,PO,, 15 g L™, For precultivation, 20 g
L~ of glucose was added. The other solvents and reagents were technical
grade and used without further purification.

Methods:  For the characterization of the polymers by differential scan-
ning calorimetry a NETZSCH DSC 204 F1 Phoenix was used with alu-
minum crucibles from the company THEPRO. The evaluation was per-
formed using the software Proteus 8.0.

The thermogravimetric analysis was done using a TG 209 F1 Libra ther-
mobalance from NETZSCH. For evaluation of the data, the software Pro-
teus 8.0 was used.

The structural characterization was done using a Bruker Avance 300 to
record NMR spectra, with the chemical shift given in ppm and the cou-
pling constant (J) in Hz. Deuterated chloroform, §(CDCl;) = 7.26 ppm
and §(DMSO) = 2.50 ppm, was used as the solvent. For the evaluation of
the data, the software MestreNova was carried out.

The IR spectra were recorded with an EXCALIBUR SERIES, and the
wavenumber was given in cm~'. The samples were measured in a
wavenumber region of 600-4000 cm~" for four times. The data were eval-
uated with the software spectrum.

Polymer masses and dispersity were analyzed by gel permeations chro-
matography. The measurements were recorded using an SDV XL gel col-
umn (particle size = 5 um with a separation range of 100-3000 000 Da)
and a refractive index detector (1200 series, Agilent Technologies). Chloro-
form was used as the solvent and eluant with a flow rate of 0.5 mL min~1.
The calibration was performed with a narrowly distributed polystyrene ho-
mopolymer (PSS calibration kit). Before measurement, the sample was
dissolved in chloroform and filtered with a 0.22 um polytetrafluoroethy-
lene (PTFE) filter. The injection volume was 20 pL. Toluene served as the
internal standard.

WAXS measurements were done with a Bruker D8 ADVANCE with Cu
Ka radiation (4 =0.154 nm). For the X-ray diffraction profiles, a transmit-
tance program in the 260 angle range between 5° and 65° with a scanning
speed of 0.05° min~" at 25 °C was used.

To form and characterize micelles, 250 mg of 15 was dissolved in 50 mL
of DMSO for 30 min. Afterward, 50 mL of Milli-Q water was added drop-
wise under constant agitation to the solution. The mixture was dialyzed
for 3 days with a water change every 12 h to remove the DMSO. For the
formation of an aqueous micelle dispersion with a known concentration
of 0.25 mg mL™", about 5 mg of 15 was dissolved in 0.5 mL of DMSO
for 30 min. 19.5 mL of water was added dropwise under stirring. The ob-
tained mixture was stirred for 2 h to allow for the formation of micelles.
Afterward, the aqueous micelle dispersion was diluted until a concentra-
tion of 0.5 X 107> mg mL~" was obtained by 21 steps. The critical micelle
concentration was determined by DLS and fluorescence spectroscopy. For
DLS measurements, the laser intensity at an angle of 90° was detected. An
ALV/DLS/SLS-5022GF system was used. As a photon-counting module,
the ALV compact goniometer system, which consists of two high quan-
tum efficiency avalanche photodiodes (QE APDs) for pseudo-cross corre-
lation measurements, was used. A detector angle of 90°, a temperature
of 294 K, and the cylindrical NeNe-laser wavelength at 632 nm (22 mW)
were adjusted. To analyze the data, WINDOWS-95/98/NT-4.0 control and
data reduction software was used. The CMC was also determined by fluo-
rescence spectroscopy using a Jasco FP-8600 spectrofluorometer. The ex-
citation wavelength was at 345 nm, measurements were done in a range
between 380 and 600 nm. The sensitivity was adjusted to high. The fluo-
rescent dye 8-anilinonaphthalene-1-sulfonic acid was dissolved in Milli-Q
water (0.38 X 107> m) and used for the aqueous micelle dispersion. For
dilution, only the ANS solution was utilized. The zeta potential was deter-
mined by laser Doppler anemometry using a Zetasizer NanoZS/ZEN3600
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(Malvern Instruments, Herrenberg, Germany). The concentration of the
aqueous micelle solution was 2.5 mg mL~", and the temperature while
measuring was 25 °C. For calculation of the average zeta potential, the
software DTS V 5.10 was used. All measurements were carried out three
times.

For the dip coating and analysis by contact angle measurements, com-
mercial PLA, PP, PVA, and PS films were cut into stripes and dipped into
the aqueous micelle dispersion. For this, the dipping time was varied be-
tween 10 s and 1 min. Also, the dipping frequency was varied from one
time over three times and five times. For every stripe, a new micelle solu-
tion was taken to avoid a concentration difference between the samples.
The stripes were dried for 24 h in air. For the reference, the procedure was
repeated. But instead of dipping in the micelle dispersion, the stripes were
dipped in pure Milli-Q water to obtain a similar expiry. All samples were
analyzed by contact angle measurements. Afterward, the micelle layer on
the surface of the stripes was removed by washing the samples for 24 h
in water before they were dried for 24 h in air. Then the contact angle was
measured again. The measurements were done with a Kriiss DSA 25 de-
vice. The images were taken with an Allied camera and analyzed with the
computer program ADVANCE. The orientation was set to sessile drop, the
fitting method to Young Laplace. Further settings were mode with drop and
a volume of 4 pL.

In the cultivation process, bacteria were precultivated at 37 °C and pH
6. Bacteria from the preculture (24 h, ODgq at 2.3) were prepared for the
following experiments: centrifuged at 13 000 rpm (Heraeus—BIOFUGE
pico), discharging the supernatant, and bacteria were resuspended in 1mL
cultivation media—as described in the following. ODgy was measured
with Eppendorf BioPhotometer Plus.

For the experiments three triplicates were made: 1) bacteria were culti-
vated in 3x: 5 mL basic media containing 1 mL of resuspended pre-culture
and 20 g L™ of galactose. I1) Bacteria were cultivated in 3x: 5 mL of basic
media containing 1 mL of resuspended preculture. I11) 3x each 500 mg of
15 was mixed with 4 mL of basic media and 1 mL of culture resuspended in
basic media. With 500 mg of 15, the galactose concentration in the media
was at 20 g L~". Additionally, L. zeae was once cultivated in basic media
containing pure PLA. Cultivation was about 90 h at 37 °C and pH 6; at the
beginning during cultivation it was not regulated.

Synthesis:  The synthesis of 5 was done by a procedure of Skey and
O'reillyl'®] and was briefly described. 4 (13.59 g, 64 mmol, 1eq.) was sus-
pended in 100 mL of acetone. 1 (4.49 mL, 64 mmol, 1 eq.) was added and
stirred for 10 min at room temperature before 2 (11.51 mL, 192 mmol, 3
eq.) was poured in the reaction mixture and stirred in for another 10 min.
After 3 (7.61 mL, 64 mmol, 1eq.) was introduced, the reaction mixture was
stirred for 1 h. The resulting solid was filtered off and washed with acetone.
Then the solvent was removed via a cold trap until a yellow, viscous mass
remained. If impurities of the product are detected in the NMR, it can be
purified via a column with hexane/ethyl acetate (3:1). (300 MHz, CDCl;) =
7.31-7.22 (5H, m, Ph), 4.57 (2H, s, <S—CH,~Ph), 3.82 (2H, t, OH-CH,-),
3.55 (2H, t, ~CH,~S-CS-S-), 2.76 (1H, s, —~OH).

In the synthesis of 8, 6 (20 g, 138.8 mmol, 125 eq.) and 5 (0.27 g,
1.1 mmol, 1 eq.) were dissolved in 500 mL of dried dichloromethane at
rt for 45 min. Afterward 7 (0.34 mL, 2.2 mmol, 2 eq.) was added and the
reaction was stirred for 7 min. Then the polymerization was quenched by
160 mg of benzoic acid. After stirring for another 10 min, about half of
the solvent was removed at the rotary evaporator. Then the polymer was
precipitated in ~1.8 L cold pentane/EtOH (1.5 L/0.3 L). The precipitated
polymer was transferred into cold EtOH and placed in the refrigerator for
1 h. After filtering off, the polymer, which was slightly yellowish, was dried
in vacuo. The yield was 19 g (95%). (300 MHz, CDCl3) = 5.14 (1H, m,
~CH-), 1.56 (3H, s, ~CHs).

In the synthesis of 12, 10 (40.0 g, 153.7 mmol, 1eq.) and 11 (42.8 mL,
306.9 mmol, 2 eq.) were dissolved in 320 mL of dichloromethane (DCM)
under protecting gas. The solution was cooled to 0 °C and 9 (27.4 mL,
337.8 mmol, 2.2 eq.) was added dropwise while the color of the solu-
tion turned to yellow. The ice bath was removed and the reaction mixture
was stirred over night at rt. Afterward, the reaction mixture was washed
with saturated sodium hydrogen carbonate solution and water, and the
organic phase was dried over magnesium sulfate. Then the solvent was
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removed completely by vacuum evaporation to obtain an orange/brown
thick mass. The mass was dissolved in pentane, and the insoluble residue
was filtered off before the solvent was completely removed again. The
product was dried in vacuum to obtain a thick yellow mass. The yield was
quantitative, and the product stored under protecting gas in the freezer
until further use. (300 MHz, CDCl;) = 6.39 (1H, d, =CH,), 6.16 (1H,
m, 0-CO-CH=), 5.80 (1H, d, =CH,), 5.52 (1H, d, -CH-), 4.60 (1H, m,
~0-CH,~CH-), 4.35-4.26 (4H, m, -CH—, ~O-CH,~CH-), 4.05 (1H, m,
~CH-), 1.44 (6H, d, -CH3), 1.32 (6H, d, ~CHj).

The synthesis of 14 was according to a procedure of Stenzel and
co-workers.[™®] In brief, 12 (30.0 g, 95.4 mmol), 8 (10.0 g), and 13
(17.5 mg, 0.11 mmol) were added to 160 mL of trifluorotoluene and
stirred until everything was dissolved and a clear, yellow solution re-
sulted. Then the mixture was degassed for 20 min before it was heated
to 70 °C for 6 h. The reaction was stopped in liquid nitrogen and the
polymer was precipitated in cold pentane. Afterward, the polymer was
filtered off and dissolved in dichloromethane before it was precipitated
again in ethanol to remove any homopolymer formed during the re-
action. After filtration the polymer, that is nearly white, was dried in
vacuum. (300 MHz, CDCly) = 5.49 (0.34H, 5, ~CH(gygan), 5.17 (1H,
m, —CH-(pa)), 4.59 (0.37H, 5, ~O-CH,~CH—(g,0.0)), 4.27-4.03 (1.71H,
M, ~CH—(qygan, ~O-CHy~CH—(5yeay), 2.35 (0.37H, s, ~O-CO-CH-),
156 (3H, m, ~CHy pa)), 1.42-1.30 (5.39H, m, ~CHy y00n)-

For deprotection, 14 (1.0 g, 3.23 mmol x 1072) was heated in 33 mL of
formic acid (90% in water) at 60 °C. After 14 was completely dissolved, the
reaction mixture was stirred for 1h at the same temperature. After cooling
to room temperature, the reaction mixture was filled in a dialysis tube and
dialyzed against Milli-Q water for 3 days with a water change every 8 h.
Afterward, the polymer was dried in a freeze dryer to remove the water.
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