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ABSTRACT: Antimicrobial resistance is an urgent global health oAb
challenge, and compounds that address this issue have attracted 'S 4 z “
significant attention. In particular, bioderived molecules that possess '\'
natural antimicrobial properties can be useful to prepare active \
macromolecules that are degradable. In this work, a 4-(methyl/allyl/ @ Multiple functionality
benzyl) oxy-6-(H/alkyl)-2-oxy-benzoate-co-lactide-based polymer li- (R = Me/Allyl/Bn groups)
brary was designed and studied for antimicrobial activity. The ‘ .
monomer precursors were heterologously produced and purified B - ‘j
from an engineered fungal host, chemically modified with 4-(methyl/ O ,_‘;w & -
allyl/benzyl)oxy substituents, and ring-closed to form the 3-methyl- O T~
SH-benzo[e][1,4]dioxepine-2,5(3H)-diones. The polymers were Normal bacteria ey Combating S. aureus .
synthesized by ring-opening polymerization using a 3-O urea/l1-
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methyl-2,3,4,6,7,8-hexahydro-1H-pyrimido[1,2-a]pyrimidine catalytic system and 3-methyl-butan-1-ol as the initiator. Polymers at
different degrees of polymerization were prepared by varying the [monomer]/[initiator] (M/I = 5—30) and tested for activity
against the pathogen Staphylococcus aureus. Polymers were identified that were antimicrobial and disrupted biofilms while
maintaining good in vitro biocompatibility. The degradability of the polymers was confirmed. Overall, these results demonstrate the
power of utilizing a combination of synthetic biology and chemistry to produce functional and degradable polymers that are potent
inhibitors of the Gram-positive bacterium S. aureus, with potential applications in medicine.

B INTRODUCTION

Antimicrobial resistance (AMR) currently threatens global
healthcare, and finding new treatments is an urgent
challenge."” Since the discovery by Fleming of penicillin that
was isolated from fungi,3 multiple antimicrobials have been
discovered as natural products such as antimicrobial peptides
(AMPS).4’5 Currently, synthetic efforts are focusing on
designing molecules that mimic natural products, such as the
preparation of FDA-approved fifth-generation f-lactams (ie.,
ceftobiprole) as well as polymeric analogs of AMPs.°”"" In
polymer scenarios, most polymer structures are not degradable,
which can limit their use in certain biolo§ical applications and
lead to long-term resistance challenges.'” This highlights the
need for developing macromolecules that combine antimicro-
bial activity and the ability to degrade.

One class of macromolecules that has attracted less attention
is depsides. They are natural compounds produced by
condensation between hydroxybenzoic acids and have shown
antimicrobial activity as a class."” For example, lecanoric acid,
which is a depside of orsellinic acid (Scheme 1a), possesses
antibacterial activity against Gram-negative and Gram-positive
bacteria.'*"> Depsides are found in lichen, plants, and
fungi.'®'” Interestingly, they possess a range of other biological
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activities such as antitumor, antl—mﬂammatory, ’ anti-

fungal,”’ and antiviral'>** properties. They have also been
found active against drug-resistant bacteria including methi-
cillin-resistant Staphylococcus aureus (MRSA).*"** Depsides are
linked by ester bonds, making them good candidates for
preparing active and degradable molecules. However, the
specificity that living organisms possess to link them at the 4-
hydroxy position and the versatility of different carbon chain
lengths at the 6-position pose synthetic challenges for
researchers. Thus, preparing synthetic polymer analogs of
depsides is an area of interest for drug discovery and
biomedical applications.

Inspired by the promising potential of depsides, this study
investigates the antimicrobial activity of hydroxybenzoate
oligomers and polymers obtained using a combination of
synthetic biology and chemical synthesis to enable access to a
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Scheme 1. Polymeric Antimicrobial Agents against S. aureus
Inspired by Depsides”

a) Lecanoric acid: a depside of orsellinic acid
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“(a) Structure of a depside from orsellinic acid, (b) 4-(methyl/allyl/
benzyl)oxy and 6-(H/alkyl)-2-hydroxybenzoates from synthetic and
biological processes, and (c) their functional hydroxybenzoate-co-
lactide polymers prepared by ROP.

range of functionalities (Scheme 1). Substituted hydroxyben-
zoic acids (such as resorcylic acids) are widely found in nature
and are biosynthesized from polyketide pathways. Variations in
the structure of these natural products arise through polyketide
synthase substrate specificity and have been leveraged for
engineered biosynthesis from model microbial hosts.”* In this

work, 2-hydroxybenzoic acid monomer precursors with 4-O
(R;) and 6-alkyl (R,) functionality were heterologously
produced and purified from an engineered fungal host.” The
biosynthetically sourced natural products were studied for
activity against Gram-positive Staphylococcus aureus (S. aureus)
and Gram-negative Escherichia coli (E. coli). These compounds
were derivatized with methyl], allyl, and benzyl groups at the 4-
O position and converted into the corresponding lactides prior
to polymerization. The antimicrobial activity and biocompat-
ibility of the resulting polymers demonstrate the importance of
the peripheral functional group and molecular weight on
antimicrobial efficacy. These data demonstrate the first
successful design of functionalized poly(hydroxybenzoate-co-
lactide) derivatives for antimicrobial activity.

B RESULTS

Antimicrobial Screening of Small Molecules. While a
few compounds such as salicylic acid (1), 2, 4-dihydrox-
ybenzoic acid (resorcylic acid, 2), and orsellinic acid (6) can
be sourced commercially, those with longer 6-alkyl sub-
stitutions are not available (Figure 1). We previously described

OH OH OH OH OH OH
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1 2 Ry=H 6 Ry=H; R;=Me
3 Ry=Me 7 Ry=Me; R;=Me
4 R4 =Allyl 8 Ry=H; Ry;=Hep
5 Ry=Bn 9 R;=Me; R;=Hep
10 Ry =Bn; R;=Hep

Figure 1. Compounds tested for antimicrobial evaluation with
different R, and R, groups on the aromatic ring.

the discovery of biosynthetic pathways that produce the
heptyl-substituted sphaerophorolcarboxylic acid (8).”°> Here,
the microbial biosynthesis of 8 was scaled up from engineered
Aspergillus nidulans for use as a building block (see ESI for
details).

To study the effects of substitution on antimicrobial activity,
we used resorcylic (2), orsellinic (6), and sphaerophorolcar-
boxylic (8) acids and introduced methyl, allyl, and benzyl
groups at the 4-hydroxy position. This resulted in a diverse
series of 2-hydroxybenzoic acids with varying substitutions at
the 4-O (R;) and 6 (R,) positions (Figure 1, compounds 1—
10, see ESI for detailed synthesis, Figures S1—S17). The small
library of synthesized compounds was tested for activity against
the Gram-positive organism S. aureus (strain Newman) and the
Gram-negative organism E. coli (see Table 1).

Table 1. Antimicrobial Screening of 4-(Methyl/allyl/
benzyl)oxy, 6-(H/alkyl)-2-hydroxybenzoates (Data Shown
Are the Average of n = 3; When No Standard Deviation is
Given, All Replicates Gave Identical MIC Values)

S. aureus S. aureus E. coli MIC  E. coli MIC
compound MIC (ug/mL)  MIC (uM) (ug/mL) (uM)
1 62.5 453 375 + 177 2715
2 1000 6488 188 + 88 1217
3 1000 5947 >1000 >5947
4 500 2575 >1000 >5150
S 125 557 >1000 >4459
6 1000 5947 1000 5947
7 500 2745 1000 5489
8 62.5 248 250 991
9 15.6 59 250 939
10 39 11 >1000 >2920
ampicillin 1.0 3 313 61

The effect of the substituents with H-, methyl-, allyl-, or
benzyl- groups at the 4-O position and methyl or heptyl groups
at the 6- position on the aromatic ring was evaluated using a
standard broth microdilution method to determine the
minimum inhibitory concentration (MIC).*® 4-O substituents
(2—S5) resulted in generally lower activity compared to 1,
although an increase in substituent size or hydrophobicity gave
relatively higher antimicrobial activity. Specifically, small 4-O
substituents generally decreased activity relative to salicylic
acid, but a benzyl substituent retained antimicrobial activity
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(compound §, MIC = 125 ug/mL against S. aureus). On the a) 0 Me

other hand, when varying the alkyl side chain at the 6- position
and keeping the 4- position constant (8 vs 6 and 9 vs 7), the 6-
heptyl compounds (8 and 9) showed 16- to 32-fold lower
MICs on S. aureus compared to the 6-methyl compounds (6
and 7), indicating that greater hydrophobicity at this position
resulted in greater activity. The combination of a benzyl group
at the 4-O position and a heptyl group at the 6- position (10)
exhibited the highest antibacterial activity (MIC = 3.9 ug/mL),
comparable to that of the positive control, ampicillin.
Moreover, compound 10 showed antimicrobial activity against
two other strains of S. aureus, including a methicillin-resistant
S. aureus strain (MRSA; MIC = 15.6 pug/mL, Table S9). These
compounds showed low or negligible activity against E. coli,
suggesting that their effect may be related to the cell
membrane.””*® With these results; monomers were then
synthesized to enable the ring-opening polymerization of
these adducts.

Monomer Preparation. One way to prepare oligomeric
and polymeric analogs of depsides could be through polymer-
ization from hydroxybenzoates. The preparation of the
monomer was inspired by recent works dealing with the
synthesis of alternate polymers consisting of salicylic acid and
lactide. In the studies, the authors have prepared 3-methyl-SH-
benzo[e][1,4]dioxepine-2,5(3H)-dione and SH-benzo[e][1,4]-
dioxepine-2,5(3H)-dione, which were further ring-opened
using catalytic systems employing tin(II) 2-ethylhexanoate
(SnOct,),” 4-dimethylaminopyridine (DMAP),”® or tetrabu-
tylammonium halides’' at a variety of temperatures (50 °C,
110—140 °C). Thus, the monomers were prepared similarly to
previous works””>* with some modifications by reacting 4-
(methyl/allyl/benzyl)oxy-6-alkyl-2-hydroxybenzoates with 2-
bromo-propionyl-bromide (1.3 equiv) and triethylamine
(TEA, 2.4 equiv, Figure 2a, compounds 11—15, see ESI for
synthesis details). Upon isolation, the monomers were
obtained in 17—73% yields and characterized by spectroscopic
techniques, including 'H and '*C NMR, microcrystal electron
diffraction (MicroED), and X-ray crystallography (Figures
S18—S31, Tables S1—S6). As a representative example, Figure
2b—g shows the characterization of the MicroED structure
obtained for 13 with an excellent agreement between the ab
initio structures determined by MicroED and single-crystal X-
ray diffraction (SCXRD) (Figure 2g). While SCXRD and
MicroED provided the same structural insights (Figures S22,
S$25, $29), MicroED could be performed on powders bearing
nanoscale crystals.”>*® This was much simpler for sample
preparation compared to more traditional single-crystal X-ray
diffraction, which required large single crystals.

Polymer Preparation. Although lactide monomers from
salicylic acid are known to undergo ring-opening polymer-
ization using SnOct,, DMAP, tetrabutylammonium chlor-
ide,”™** and organometallic catalysts,37 ROP using organo-
catalysts such as urea has not yet been reported. In this study,
we explored the ROP of lactide monomers with 3-
methylbutan-1-ol using the 3-O urea catalyst (1,1,1”-
(nitrilotris (ethane-2,1-diyl) )tris(3-(3,5-bis(trifluoromethyl)-
phenyl)urea)) and MTBD (1-methyl-2,3,4,6,7,8-hexahydro-
1H-pyrimido[1,2-a]pyrimidine) as a cocatalyst in dichloro-
methane (DCM) under an inert atmosphere. An initial
successful attempt using monomer 13 was conducted while
targeting a ratio of 50:1:1:1 (monomer:3-O urea:MTBD:ini-
tiator), as confirmed by SEC and NMR spectroscopic studies
(Figures 3 and S32—S34).
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Figure 2. Preparation of lactide monomers (compounds 11-15)
from 4-(methyl/allyl/benzyl)oxy-6-(H/alkyl)-2-hydroxybenzoates
and structure determination via MicroED from small crystallites:
(a) synthesis of monomers; (b) nanocrystals of compound 13 that (c)
yield high-resolution diffraction by MicroED, (d) such that their
structures can be readily determined; and the structure of the same
molecule determined from (e) larger crystals by (f) X-ray diffraction
SCXRD; and (g) superimposed structures from MicroED and
SCXRD all-atom reported with root-mean-square deviation
(RMSD) of 0.028 A.

The polymers analyzed by SEC in THF exhibited an M, =
16.6 kg/mol (Figure 3b), which was slightly lower than the
NMR calculation (20 kg/mol, monomer initiator concen-
tration ratio, M/I = 66, Figure S32b), and the molar-mass
dispersity was found to be D = 1.14. On the other hand, using
only MTBD or the 3-O urea catalyst, with or without DMAP,
resulted in higher dispersities, and no polymerization was
observed in the absence of a catalyst (Table S7). The results
suggested that it is feasible to prepare polymers with a targeted
M/I by controlling the stoichiometric ratio of the monomer,
catalyst, cocatalyst, and initiator. To validate this, the monomer
initiator concentration ratio (M/I) for 13 was varied from 30
to 90 (Figure 3b), and a linear relationship was observed from
this assay while preserving low dispersities (D < 1.3, Figure 3c,
Table S8). Thus, it was possible to precisely control the M/I
by varying the monomer/initiator ratio using the organo-
catalytic system.

Molecular weight is an important parameter in the design of
antimicrobial polymers, particularly depsides are found as
oligomeric compounds.17 In the literature, most active
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Figure 3. Preparation and characterization of polymers derived from 4-(methyl/allyl/benzyl)-oxy-6-alkyl-2-oxybenzoate lactide monomers by ring-
opening polymerization. (a) Synthetic route to prepare polymers with different M/I. Variation of the [monomer]/[initiator] (M/I) during ROP of
monomer 13: (b) refractive index (RI) trace SEC in THF and (c) plot of M, (black) and dispersity (D, blue) versus M/L

polymers have an M/I < 30, although high molecular weight
polymers can also exhibit antimicrobial activity.”*™* Thus,
after the successful polymerization of 13, a series of polymers
were prepared with different substituents and degrees of
polymerization (M/I = S, 15, and 30) (Figure 3a). The
polymerizations went to completion, and the polymers were
isolated in 53—91% yields and analyzed by NMR spectroscopy
and SEC (Table 2 and Figures $35—S61). The majority of the

Table 2. Characterization of Functional Hydroxybenzoate-
co-Lactide Polymers with Different M/I

polymer  M/lg., M, (kg/mol)” b M/Igge  yield (%)
16 N S 84
17 15 13 91
18 30 6.1 1.23 30 84
19 S S S9
20 15 11 81
21 30 S.5 1.10 22 S8
22 S 6 61
23 15 10 49
24 30 6.8 1.11 30 89
25 S 7 S3
26 15 12 44
27 30 5.6 121 28 78
28 S 3 63

“Determined from SEC in THF.

obtained polymers aligned well with the targeted polymer-
ization degree. At low polymerization degrees, we observed
multiple peaks in both the '"H NMR and '*C NMR spectra
attributed to the oligomeric forms and uncontrolled stereo-
regularity. Furthermore, polymers synthesized with an M/I =
30 were examined by *C NMR spectroscopy, and no evidence
of transesterification was observed,” although this cannot be
completely ruled out. Moreover, the M, obtained from SEC
analysis was in full agreement with the calculated M/I from 'H
NMR analysis for M/I = 30 and possessed M, = 5.6—6.8 kg/
mol and P = 1.11-1.23. For M/I < 30, it was not possible to
conduct SEC analysis due to instrument limitations. Therefore,
the degree of polymerization was determined by 'H NMR
spectroscopy.

Antimicrobial Assays of Polymers. Next, we evaluated
the antimicrobial potency of the polymer library against S.
aureus by determining the minimum inhibitory concentration
(MIC) using the same broth microdilution protocol as that for
the small molecules. Interestingly, some polymers displayed
enhanced antibacterial activity (Table 3) compared with their
small molecule forms (Table 1). Comparison of the substituent
variation on the 4-O position with M/Ijpz < 10 showed
significant differences among the methyl, allyl, or benzyl side
chains when assessing the MIC values of polymers 16 (MIC =
333 + 144 ug/mL), 19 (MIC = 1000 pg/mL), and 22 (MIC =
83 + 36 ug/mL), with the benzyl substituent resulting in the
greatest activity for this position, similar to the small molecules.
Interestingly, when a methyl group was introduced at the 6-
position in 25, the polymer displayed a higher antimicrobial
effect (MIC = 31.3 ug/mL), compared to its small molecule
counterpart (Table 1, compound 7). Moreover, introducing R,
= Bn, and R, = heptyl, which had given the greatest activity
among the small molecules (compound 10), led to polymer 28
with antimicrobial potency similar to that of 25 (MIC = 31.3
pug/mL). Thus, small molecule activity was not always a good
predictor of polymer activity.

The second comparison assessed the effect of M/I on
antimicrobial activity (Table 3). It was observed that
increasing the M/I above $ increased the MIC values for all
polymers. A representative example is the loss of activity on
polymer 25, whose MIC significantly increased from 31 ug/
mL at M/I = 7 to >1000 pug/mL at M/I = 28 (polymer 27).
Together, these results demonstrate the antibacterial activity
against Gram-positive microorganism S. aureus, highlighting
the importance of the substituents at 4-O and 6- positions and
the size of the hydroxybenzoate polymers.

One major concern with bacteria is their ability to form
biofilms, which are complex matrices that confer an extra Ia?fer
of protection and prevent the penetration of antibiotics.*"**
Thus, disruption and inhibition of biofilms are important
targets for combating bacteria. We hypothesized that the active
polymers 22, 25, and 28 prepared in this work could also
inhibit and disrupt biofilms. To assess this hypothesis, the
inhibition of biofilm was assessed in S. aureus cultures under
stationary conditions with different concentrations of the
polymers for 72 h in a 96-well plate. For biofilm disruption
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Table 3. Antimicrobial Activity and MTT Assay on S. aureus of Polymers M/I = 5—30 (n = 3)

M/ S. aureus MIC S. aureus MIC
polymer Ry R, Inmr (ug/mL) (eM)“
16 Me H S 333 + 144 278 + 98
17 Me H 13 >1000 >336
18 Me H 30 >1000 >148
19 alyl  H s 1000 752
20 allyl H 11 >1000 >35S
21 auyl H 22 >1000 >180
22 Bn H 6 83 + 36 44 + 16
23 Bn H 10 >1000 >326
24 Bn H 30 >1000 >111
25 Me Me 7 313 18
26 Me Me 12 >1000 >342
27 Me Me 28 >1000 >149
28 Bn Hep 3 31.3 25
ampicillin 1.0 3

cell viability fibroblasts >80% cell viability fibroblasts >80% selectivity index
(CCo pg/mL)"” (CCyo M) (s

1000 834 3
1000 336 <1
1000 148 <1
500 376 0.5
1000 3S8S <1
1000 180 <1
1000 533 12
1000 326 <1
1000 111 <1
1000 574 32
1000 342 <1
1000 149 <1
50 39 2
1000

“Calculated from the M, from 'H NMR. “The cell viability was determined from the MTT assay. “The cell viability at >80% in uM was
determined using the M/ of each polymer. 9Calculated from MIC over CCyq
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Figure 4. Biofilm inhibition and disruption of functional hydroxybenzoate-co-lactide polymers 22 (a, b) and 28 (c, d) on S. aureus. Antimicrobial
properties were determined by evaluating the biofilm inhibition and disruption by staining with 1% crystal violet. The figure shows the 96-well plate
picture accompanied by the UV—vis quantitation of the biofilm assays. Statistical significance was determined via a one-way ANOVA with multiple
comparisons (p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (***%*)) (n = 3).

studies, S. aureus was cultured under stationary conditions for
34 h in a 96-well plate to form biofilms. After 34 h (once the
biofilm was formed), each well was treated with different
concentrations of the synthesized polymers and incubated for
an additional 38 h. After 72 h, the effect on biofilm inhibition
and disruption was observed by staining the well with crystal
violet dye, which binds the extracellular polymeric substance
(EPS) of the biofilm (see the ESI). Polymers 22, 25, and 28
were tested along with their small molecule precursor 5, 7, and
10, respectively (Figures 4 and S62). Interestingly, inhibition
of biofilm and disruption were observed for polymer 22 at 250
pug/mL (Figure 4a,b) and for 28 at 15.6 pg/mL. However,
polymer 25 did not display biofilm inhibition or disruption at
2- or 3-fold higher concentrations (Figure S62) even though it
exhibited antimicrobial activity in liquid culture.

Antibiofilm activity was also compared between the
corresponding small molecules and polymers. Compound §
(precursor of 22) did not cause biofilm disruption or

inhibition, and compounds 7 (precursor of 25) and 10
(precursor of 28) displayed both inhibition and disruption of
the S. aureus biofilm (Figure S62). Of these, compound 7
showed a weaker effect, with inhibition at 250 pg/mL and
disruption at 1000 pg/mL; while compound 10 showed
relatively potent inhibition at 2 ug/mL and disruption of
biofilm at 7.8 pg/mL.

We also evaluated the particle size formation of the polymers
by dynamic light scattering (DLS) as they formed turbid
solutions during the activity tests described above at 1000 pg/
mL (Table S10). Despite the formation of self-assemblies
within the range of 117—686 nm, no correlation was found
between antimicrobial activity and particle size. These results
demonstrated that the inhibition and disruption of biofilm
depends on the molecular weight and chemical structure.

Biocompatibility Studies. To evaluate the suitability of
the polymers, cell viability on NIH 3T3 fibroblasts was
determined using an MTT assay. The results demonstrated
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low toxicity as the cell viability was >80% (CCg) for all tested 100 p—
polymers at >500 pg/mL, except for polymer 28, which was 90+ e 5
cytotoxic at CCgy = S0 pig/mL (Table 3, and Figure S63). This 80 = 5
could be due to the increase in hydrophobicity of this polymer. £ 704 e o
Representative examples of cell viability for polymers 22 and 2 604
24 are presented in Figure S; for these polymers, the 5 & PLEkaRal)
’ ’ E 501 O P(DLLA-r-GA)
£ 40+
» B8 P(DLLA)
a) 22 b) 24 £ s
2 120 2 120 20
5 100 3 100 10
2 s0d = 80 0
8 o 8 = 0 100 200 300
o . o & .
E’ 40 g, a0 Time (h)
8 20 g 0. Figure 6. Degradation of polymers studied at S0 °C in 0.1 M NaOH
& ol g, (n=3).
S & & & L& & &
c,°&\q~}$§~}&§%&§~>‘s 00“@@@@@@@@ ing that the rate does not depend on the substituents at the
NN N e molecular weight range studied (<10 kg/mol). Degradation

Figure S. Representative examples of the in vitro biocompatibility
evaluated in the NIH 3T3 fibroblast cell line by MTT assay for
polymers 22 and 24 (a, b) having M/I = 6 and 30, respectively.
Statistical significance was determined via a one-way ANOVA with
multiple comparisons (p < 0.05 (*), p < 0.01 (**), p < 0.001 (**%*), p
< 0.0001 (***%)) (n = 3).

cytotoxicity was low as the cell viability was >80% even at
1000 pug/mL at different M/I. When comparing the cell
viability of all the polymers to their precursors (compounds 1—
10, see Figure S64), the polymers displayed higher cell viability
(>80% cell viability, Table 3 and Figure S64). However, the
introduction of the heptyl side chain could increase
interactions with the lipid bilayer of eukaryotic cells.

In order to estimate how selective the polymers were
between bacterial and mammalian cells, the selectivity index
(SI) was calculated as the ratio of the concentration that
results in cell viability >80% (CCgy) and the MIC value (SI =
CCgy/MIC) for each polymer tested (Table 3). The results
showed the highest selectivity for the polymer derived from
methylated orsellinic acid (R, and R, = Me) groups at M/I =7
(polymer 25, SI = 32). The active polymer 22 presented a
reduced, yet acceptable SI of 12, demonstrating that increasing
the hydrophobicity on the side chains may decrease selectivity
toward eukaryotic cells, as seen for polymer 28 (SI = 2).
Together, these results demonstrated that most of the
polymers prepared in this work possess low toxicity, and two
show SI > 12.

Degradability. To assess the degradability potential of
these polymers, degradation of polymers that were able to form
films (M/I = 30) through solution casting 18, 21, 24, and 27
was studied and compared to known degradable polymers,
including poly(D,L-lactic acid-glycolic acid) random distribu-
tion 50—50 (P(DLLA-r-GA)), alternating 50—50 (P(LLA-alt-
GA)), and poly(D,L-lactic acid) (P(DLLA)). The experiments
were conducted at SO °C in 0.1 M sodium hydroxide (NaOH)
solution, and the degradation profiles were compared (Figure
6). The polymers with R; = CH; and allyl (18 and 21)
exhibited similar degradation profiles and are comparable to
P(LLA-alt-GA), whereas P(DLLA--GA) and P(DLLA)
degraded at a faster rate. The polymer with Bn at the 4-O
position (24) showed the slowest degradation rate. Therefore,
the results show that the polymers degrade as fast or slightly
slower than commonly used biodegradable polymers, suggest-

under more physiological conditions (37 °C in PBS pH = 7.4)
was also determined. As expected, the degradation rate was
slower, with more than 65% remaining after ~1 month (Figure
S65). It should be noted that various enzymes can degrade
polyesters; therefore, the rates in vivo may be much faster than
in PBS.

B DISCUSSION

Inspired by active natural products, the antimicrobial potential
of functional hydroxybenzoate-co-lactide polymers was ex-
plored. The synthesis of the precursors using a systems biology
approach, easy evaluation of the monomer structures by
MicroED, and a controlled organocatalytic ROP approach
facilitated the rapid production of a diverse library of oligomers
and polymers with targeted molecular weights.

The structure—activity relationship study of the precursors
demonstrated that modifications at the 4-O and 6-positions of
the aromatic ring significantly enhanced activity against S.
aureus, with the 6-heptyl series exhibiting the lowest MICs
(Figure 7 for a summary).

With regard to antimicrobial activity, the polymers were
more active in general at smaller sizes; degrees of polymer-
ization at or below 7 were most active within their respective
series. The effect of molecular weight was crucial, as polymers
with M/I > 10 were inactive. Moreover, the effect of the
substituents was important for biofilm inhibition and
disruption, as polymers with R; = Bn and R, = H (22) or
R, = Bn and R, = Hep (28) showed both inhibition and
disruption of the biofilm, whereas the polymer with R, = Me
and R, = Me did not show antibiofilm activity (25). The
polymers were also tested for cell viability, leading to two
potentially biocompatible candidates with SI > 12 (polymers
22 and 25). A summary of the polymer activity and selectivity
is provided in Figure 7. Notably, the polymers demonstrated
degradability generally comparable to poly(lactic acid).
Combining degradability with the antimicrobial properties,
these polymeric platforms are interesting for future preparation
of long-lasting antimicrobials, especially because both the
oligomeric forms and the precursors are active. The results
demonstrate the benefit of (a) preparing polymers of
hydroxybenzoates and (b) modifying the ring. Additional
studies are needed to elucidate the exact mechanism, but it is
clear that a balance of hydrophobic side chains is required.* In
cases in which the polymers are more active than the
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Figure 7. Key compounds with antimicrobial activity against S. aureus.
MIC is the minimal inhibitory concentration against S. aureus, CCyy is
the concentration at which fibroblast cell viability >80%, and SI is the
selectivity index. Polymers 22 and 28 inhibit and disrupt S. aureus
biofilms.

monomers, the difference may be due to effects such as
cooperativity and avidity, or the polymer and monomer may
act through different mechanisms; understanding these
mechanisms will require further research.

Together, these results confirm the potential of modifying
antibacterial properties by designing polymers with easy-to-
functionalize hydroxybenzoate groups. Potential applications
include the preparation of materials with long-lasting
antibacterial effects through the degradation and release of
small active ingredients, such as for coatings of medical devices
or fibers for antimicrobial wound dressings. To realize these
biomedical applications, a fine evaluation of oligomer size
along with future studies involving extensive evaluation of in
vivo biocompatibility and efficacy needs to be addressed.

B CONCLUSIONS

In this work, we prepared depside-inspired antimicrobial
oligomers and polymers derived from hydroxybenzoate-co-
lactide bearing different substituents, by combining synthetic
biology and polymer chemistry. These macromolecules,
including their precursors, displayed antimicrobial activity
toward S. aureus. Our findings indicate that these well-defined
polymers are promising candidates for treating Gram-positive
S. aureus infections and their biofilms. The low cytotoxicity
effects suggest that high selectivity indexes can be reached
using the polymeric platforms. Thus, this work demonstrates
the potential of using degradable synthetic materials with
antimicrobial properties that can be implemented for
biomedical purposes.
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