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Structure—function mapping of host defense peptide
mimics reveals strategies for antibacterial activity and
eradication of mature bacterial biofilms

Xueyang Yin, (2 +2 Yufang Bi, 1 Xiehe Wang, ) +2 Jing Ren,® Jinrong Yao, () *@
Xin Chen, (©2<9 Shengjie Ling ) ** and Zhengzhong Shao ) *24

Bacterial biofilms shield embedded cells behind extracellular polymeric substance (EPS) barriers, frustrate
antibiotic penetration, and protect persisters, demanding materials that show broad antimicrobial activity
coupled with efficient biofilm clearance. We establish a design framework for host defense peptide (HDP)
mimics using poly(a-amino acid) copolymers with a cationic lysine backbone (degree of polymerization ~20)
and tunable hydrophobic modules—valine (Val), norvaline (Nva), phenylalanine (Phe), and N-e-carbobenzoxy-
lysine (CBL). Random ring-opening copolymerization of a-amino acid N-carboxyanhydride (NCA) (0-60%
hydrophobic feed) yields amphiphilic libraries whose composition programs the secondary structure: Val
biases p-sheet formation, high Nva favors a-helices, Phe promotes ordered states via n—x stacking, and CBL
side-chain amides build stabilizing hydrogen-bond networks. Across MIC/MBC testing, S. aureus and
P. aeruginosa exhibit distinct requirements: the cationic charge density is the primary determinant for penetrat-
ing EPS and clearing mature Gram-positive biofilms, whereas moderate hydrophobicity—notably Nva and CBL
—optimizes activity against Gram-negative pathogens by balancing the solubility, membrane affinity, and EPS
interactions. Self-assembly refines performance further; nanoscale aggregates with elevated surface potential
(e.9., LyseoCBL4g) deepen penetration and accelerate persister eradication. Critically, the antibacterial potency
against planktonic cells does not predict the antibiofilm efficacy, revealing mechanistic decoupling that
necessitates independent tuning. These results deliver a quantitative structure—function map and actionable
rules for engineering amphiphilic polymers that recapitulate the functional hallmarks of HDPs, enabling simul-
taneous planktonic killing and robust clearance of mature biofilms and offering promising candidates for multi-
drug-resistant, biofilm-associated infections.

1. This study establishes a sustainable polymerization strategy for host defense peptide mimics via propylene-oxide-assisted N-carboxyanhydride (NCA) chem-

istry, achieving green synthesis of biodegradable poly(a-amino acid) copolymers with tunable amphiphilicity and potent antibacterial/biofilm-clearing

functions.

2. The process eliminates inert gas protection and anhydrous conditions, replaces hazardous acid scavengers with benign propylene oxide, and markedly

reduces solvent use, energy input, and chemical waste; efficacy: >80% S. aureus biofilm clearance at 125-175 pg mL™", 50-80% P. aeruginosa biomass
reduction at 200 pg mL™", MIC 3.13 pg mL™"; nanoscale (+17.3 mV) aggregates deepen EPS penetration.
3. The method enables scalable, benign-by-design production of antimicrobial polymers derived from renewable amino acids. Future research will further

establish it as a safer, low-waste alternative to antibiotic-based infection control while advancing sustainable healthcare and green manufacturing.
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Bacterial biofilms represent a major challenge for anti-
microbial therapy." Compared with planktonic cells, biofilm-
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substance (EPS) matrix that impedes drug penetration and pro-
tects dormant persisters, rendering conventional antibiotics
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implants, and device-associated infections, where antibiotic
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overuse further accelerates resistance development.® These
challenges underscore the urgent need for new antimicrobial
strategies with broad-spectrum activity, high penetration, and
low resistance potential.

Host defense peptide (HDP) mimics have emerged as promis-
ing materials for combating bacterial infections and biofilm-
associated diseases.”® However, most current efforts focus on
molecular activity® rather than on the efficiency and sustainability
of their synthesis. In recent years, the green chemistry community
has emphasized quantifiable metrics—such as the E-factor,®
process mass intensity (PMI),” energy consumption, and life-cycle
considerations®—as essential criteria for evaluating chemical pro-
cesses. These quantitative indicators provide a unifying frame-
work for assessing the environmental improvement and resource
efficiency. Integrating these concepts into the development of bio-
active polymers enables a direct link between molecular design
and sustainable manufacturing.’

In parallel, it has become increasingly important to evalu-
ate the environmental impact of antimicrobial strategies them-
selves. Conventional antibiotics often persist in aquatic
environments and contribute to the propagation of anti-
microbial resistance genes,'® whereas host defense peptides
and their synthetic analogues are typically biodegradable and
exhibit minimal long-term persistence."* From a green chem-
istry standpoint, HDP-based systems therefore offer the poten-
tial to reduce environmental loading and resistance risk while
maintaining the therapeutic efficacy.'

In this context, the present study explores how structural
variations in cationic copolypeptides influence both biological
efficacy and process efficiency. By combining compositional
tuning with analysis of material and energy use, we establish
composition-structure-function relationships that are relevant
not only to antibacterial performance but also to process
greenness. This dual perspective bridges molecular functional-
ity with sustainable synthesis, in line with the current direc-
tion of green chemistry research. Furthermore, by comparing
the sustainability profile of peptide-based antimicrobials with
conventional antibiotics on a functional basis (i.e., achieving
>90% biofilm clearance), this study also highlights how bio-
mimetic peptide design can contribute to the broader sustain-
ability goals of green chemistry through lower persistence,
reduced dosage, and improved life-cycle performance.

2. Materials and methods
2.1 Chemicals and reagents

All reagents were used as received without further purification
unless otherwise stated. The main chemicals included N-e-tert-
butyloxycarbonyl-i-lysine (Boc-1-Lys, 97%), r-norvaline (r-Nva,
99%), tetrahydrofuran (THF, 99.9%, anhydrous), methyl-
oxirane (>99.5%), triphosgene (99%), anhydrous magnesium
sulfate (AR), ethyl acetate (distilled grade), n-hexane
(AR), vr-valine N-carboxyanhydride (i-Val NCA, 98%),
L-phenylalanine N-carboxyanhydride (L-Phe NCA, 98%), N-g-car-
bobenzoxy-lysine NCA (-CBL NCA, 98%), lithium bis(tri-
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methylsilyl)Jamide (LiHMDS, 97%), and trifluoroacetic acid
(TFA, >99.5%). All solvents were supplied by commercial
vendors and used directly in synthesis and polymerization pro-
cedures. General handling and analytical procedures followed
established protocols.*®

2.2 Synthesis and characterization of NCA monomers

Synthesis of Boc-L-Lys NCA. N-g-tert-butyloxycarbonyl-t-lysine
NCA (Boc-L-Lys NCA) was synthesized following a moisture-tol-
erant and acid-neutralizing protocol (Fig. S1). Conventional
NCA synthesis often suffers from hydrolysis due to the generation
of HCl, which causes rapid decomposition under humid con-
ditions. Here, methyloxirane was used as an acid scavenger
instead of a-pinene, eliminating the need for inert gas protection
or strictly anhydrous conditions and significantly shortening the
reaction time.'* Boc-i-Lys (1.0 g, 4.1 mmol) was dissolved in
20 mL THEF, followed by the addition of methyloxirane (2.8 mL,
40.6 mmol) under magnetic stirring. Triphosgene (620 mg,
2.1 mmol) was then added in one portion, and the sealed
pressure vessel was stirred at room temperature for 3 h. The reac-
tion was quenched by adding 10 mL of chilled deionized water
(4 °C), and the product was extracted twice with ethyl acetate (2 x
20 mL). The combined organic phases were washed with satu-
rated brine, dried over anhydrous MgSO,, and evaporated under
reduced pressure. The residue was recrystallized from n-hexane/
ethyl acetate (<10 °C) to afford Boc-.-Lys NCA as white crystals
(yield = 74%).

The successful synthesis of Boc-1-Lys NCA was confirmed by
'H and C NMR (Fig. S2 and S3). In the 'H NMR spectrum
(400 MHz, CDCl;), the characteristic NCA ring proton appears at
5 6.88 (s, 1H); the o-CH of lysine at § 4.33 (dd, J = 6.8, 4.7 Hz, 1H);
a singlet at § 3.14 (2H) corresponds to the e-CH,; multiplets at §
2.07-1.94 and 1.91-1.77 (each 1H) and 1.63-1.45 (4H) arise from
the aliphatic methylenes; and the Boc ter¢-butyl group resonates
at 6 1.45 (s, 9H). The *C NMR spectrum (100 MHz, CDCl;)
further corroborates the structure, showing carbonyl carbons at §
169.9 (NCA) and 152.1 (carbamate), the Boc quaternary carbon
near § 77.3, the o-carbon at § 57.5, and aliphatic/tert-butyl
carbons at § 29.2, 28.4, and 21.1. These assignments are consist-
ent with previous reports for Boc-protected lysine NCAs.'*

Synthesis of .-Nva NCA. L-Nva NCA was prepared by triphos-
gene-mediated cyclization under a nitrogen atmosphere
(Fig. S4). t-Nva (1.0 g, 8.5 mmol) was suspended in 30 mL
anhydrous THF. Triphosgene (1.1 g, 3.7 mmol) dissolved in
10 mL THF was added dropwise under ice cooling, followed by
refluxing at 50 °C for 1 h under nitrogen. After solvent removal
under reduced pressure, the residue was dissolved in ethyl
acetate (30 mL), washed with ice-cold deionized water (3 x
30 mL) and saturated brine, dried over MgSO,, and recrystal-
lized from n-hexane/ethyl acetate to give white needle-like crys-
tals (735 mg, 60%).

The successful synthesis of 1-Nva NCA was confirmed by
'H NMR (Fig. S5). In the '"H NMR spectrum (400 MHz, CDCl,),
the characteristic NCA ring proton appears at § 6.88 (s, 1H); the
a-CH resonates at 6 4.34 (dd, J = 6.9, 5.3 Hz, 1H); signals for the
aliphatic methylenes are observed at 5 1.91 (ddd, J = 15.9, 9.7, 5.4

This journal is © The Royal Society of Chemistry 2026
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Hz, 1H), 1.86-1.71 (m, 1H), and 1.60-1.36 (m, 2H); and the term-
inal CH; appears as a triplet at 5 0.99 (t, J = 7.3 Hz, 3H).

2.3 Synthesis of random copolymers

Ring-opening copolymerization. Random copolymers
P(L-LySy,-c0-Yyo,)20 Were synthesized via LiHMDS-initiated
ring-opening polymerization of NCA. Taking Lysq,Valj, as a
representative example, Boc-L-Lys NCA (50.0 mg, 0.18 mmol)
and 1-val NCA (2.9 mg, 0.02 mmol) were dissolved in 2 mL
THF. A 0.1 M LiHMDS solution (0.4 mL) was rapidly added
under stirring at room temperature. After completion (moni-
tored by TLC), the reaction was quenched with formic acid.
The polymer solution was diluted to 5 mg mL™" in DMF (con-
taining 0.01 M LiBr) and analyzed by GPC (Agilent/Wyatt, A31-
3 column). The remaining solution was poured into n-hexane
(40 mL) to precipitate the polymer, followed by repeated redis-
solution/precipitation cycles in THF/n-hexane. The Boc-pro-
tected copolymer was isolated as a white solid (yield = 82%).

Deprotection. Boc groups were removed using TFA at 0 °C.
The polymer (50 mg) was dissolved in 1 mL TFA and stirred for
2 h under ice bath conditions. Excess acid was evaporated
under nitrogen, and the polymer was precipitated with diethyl
ether. The dissolution—precipitation cycle was repeated three
times (methanol/ether), yielding deprotected cationic copoly-
mers, confirmed by "H NMR (Fig. S6-S9).

2.4 Evaluation of process efficiency and greenness

Quantitative indicators commonly adopted in green chemistry
were employed to evaluate the process efficiency, including the
E-factor (ratio of waste to product), PMI, and energy consump-
tion per kilogram of product. PMI ( process mass intensity) was
defined as:

Z Minputs

Misolated product

PMI =

(1)

Unless otherwise noted, PMI refers to materials PMI
(excludes solvents and water); the complete PMI (cPMI) includ-

Table 1 Quantitative comparison between conventional a-pinene/HCl and epoxide-neutralized NCA synthesis routes
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ing solvents/water is provided in the SI together with solvent-
recovery assumptions.””™” These metrics provide a direct
measure of material and energy utilization efficiency during
polymer synthesis.

For comparison, a conventional a-pinene/HCl-based NCA
synthesis was analyzed as a representative benchmark. The
present moisture-tolerant, catalyst-free route proceeds at
ambient temperature within 3 h, in contrast to 60 °C for 12 h
under nitrogen protection required by the traditional process.
This modification leads to an approximately twofold reduction
in energy demand and a decrease of E-factor and PMI values
from 51.2 to 22.5 and from 11 to 5, respectively (Table 1). Such
quantitative evaluation allows comparison of the synthesis
efficiency on an environmental basis consistent with current
green chemistry practices.'®>?

2.5 Antibacterial activity evaluation

The antibacterial activity of the cationic polypeptide
polymers was evaluated by determining the minimum inhibi-
tory concentration (MIC), minimum bactericidal concentration
(MBC), and the killing efficiency against persister cells. MIC
tests were conducted following a standard protocol described
previously.”® S. aureus (ATCC 6538) and P. aeruginosa
(ATCC 9027) (obtained from the Shanghai Collection of
Microorganisms) were inoculated into 10 mL LB medium and
incubated at 37 °C with shaking for 12 h. The bacterial cul-
tures were harvested by centrifugation, resuspended, and
diluted with Mueller-Hinton (MH) broth to the desired
concentration.

In a sterile 96-well plate, serial two-fold dilutions of the
polymer solution were prepared in MH medium, and 50 pL of
each dilution was mixed with an equal volume of bacterial sus-
pension (2 x 10° CFU per mL). Wells containing only bacterial
suspension and only MH broth served as the control and
blank, respectively. After static incubation at 37 °C for 9 h, the
optical density at 600 nm (ODg,) was measured using a multi-

25,26,28,31-33

Moisture-tolerant epoxide-neutralized

Parameter Conventional a-pinene/HCI route

route (this work)

Improvement (%)

Reaction temperature/time
Catalyst/acid neutralizer

60 °C x 12 h (under N,)
a-Pinene (10 eq.) + triphosgene

Inert-gas requirement
Yield (%)
Main by-products

Continuous N,/Ar purge
~60%
HCI + chlorinated residues

25 °C x 3 h (ambient, sealed vial)
Propylene oxide (10 eq.) + triphosgene

1-Chloro-2-propanol/2-chloro-1-propanol

~80 | thermal input
— (eliminates hazardous

acid gas)
Not required (sealed system) 100 |
74% +20 1

Non-corrosive/low toxicity

(acid-catalyzed ring-opening products of PO);
removable during work-up

Energy consumption 10 5 =50

(kwh kg™ product)

E-factor (waste/product) 51.2 22.5 -56 ]

Process mass intensity 11 5 —55 1]

(PMI)

Overall assessment High energy input and Low energy input, benign by-products, —
corrosive by-products higher yield

Conventions: PMI excludes solvents/water unless noted; cPMI (gross & net; 90% recovery for THF/EtOAc) is provided in the SI S1.

This journal is © The Royal Society of Chemistry 2026
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mode microplate reader (Cytation 3, BioTek). Bacterial viability
was calculated using the following eqn (2).

R, OD — OD
Bacterial v1ab111ty (%) o 600, sample 600, blank

ODGOO, control — ODGOO, blank

x 100% (2)

For MBC determination, 3.5 pL of the bacterial suspension
from each MIC well was spotted onto LB agar plates and incu-
bated at 37 °C for 12 h; the lowest polymer concentration yielding
no visible colonies was recorded as the MBC. Persister cell killing
assays were performed using S. aureus (ATCC 6538) grown to the
logarithmic phase in LB medium. The cells were collected, resus-
pended in MH broth to 10® CFU per mL, and treated with cipro-
floxacin (CIP, 10 x MIC) for 18 h under static conditions to
induce persister formation. The persister cells were divided into
two groups: one treated with CIP (10 x MIC) and the other with
the poly(a-amino acid) solution (4 x MIC). At 6 h intervals, ali-
quots were withdrawn, plated on LB agar, and incubated over-
night at 37 °C for colony counting. The number of surviving colo-
nies was used to quantify the bactericidal efficiency of the poly-
mers against antibiotic-tolerant persister cells.

2.6 Antibiofilm activity evaluation

The antibiofilm performance of the cationic polypeptide poly-
mers was evaluated by assessing their ability to inhibit biofilm
formation and disrupt the preformed biofilms of S. aureus
(ATCC 6538) and P. aeruginosa (ATCC 9027). For inhibition
assays, bacterial cells were harvested by centrifugation and
resuspended in MH broth supplemented with 1% glucose to a
final concentration of 2 x 10® CFU per mL. Polymer solutions
were serially two-fold diluted in MH medium containing 1%
glucose in tissue-culture-treated 96-well plates, with a final
volume of 50 pL per well. Subsequently, 50 pL of the bacterial
suspension was added to each well and mixed thoroughly, fol-
lowed by static incubation at 37 °C for 24 h. Wells containing
only MH broth (100 pL) served as negative controls, while
those containing 50 pL MH and 50 pL bacterial suspension
served as positive controls.

For disruption assays, mature S. aureus biofilms were estab-
lished by inoculating 100 pL of a 10° CFU per mL bacterial sus-
pension (prepared in MH medium) into tissue-culture-treated
96-well plates and incubating statically at 37 °C for 24 h. The
supernatant was then discarded, and the wells were gently
rinsed with PBS to remove planktonic cells. Diluted polymer
solutions (200 pL) were carefully added to each well containing
preformed biofilms, followed by incubation at 37 °C for 24 h.
The viability of biofilm-embedded bacteria was quantified
using an MTT assay.

For P. aeruginosa biofilms, bacterial cells were harvested, resus-
pended in SOB medium, and adjusted to 10> CFU per mL. A
100 pL aliquot of this suspension was transferred into tissue-
culture-treated 96-well plates and incubated statically at 37 °C for
36 h to allow biofilm maturation. The supernatant was removed,
and the wells were washed once with PBS to remove planktonic
bacteria. Polymer solutions were serially diluted in MH medium
from an initial concentration of 200 pg mL™, and 200 pL of each

5496 | Green Chem., 2026, 28, 5493-5506
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dilution was added to the biofilm-containing wells. After static
incubation at 37 °C for 9 h, MTT staining was performed to deter-
mine bacterial metabolic activity.

For MTT staining, the treated biofilms were rinsed gently
with PBS, and 100 pL of MTT working solution (0.5 mg mL™*
in PBS) was added to each well. The plates were incubated at
37 °C for 4 h in the dark. After removing the supernatant,
100 puL of DMSO was added to dissolve the formazan crystals,
and the absorbance at 570 nm was measured using a multi-
mode microplate reader. Bacterial viability was calculated
using eqn (3):

S A — As7,
Bacterial v1ab111ty (%) __ 41570, sample 570, blank

B A570,contr01 _A570,blank X 100% (3)

Confocal laser scanning microscopy (CLSM, Nikon C2+)
was employed to visualize the biofilm morphology and cell via-
bility after polymer treatment. Prior to imaging, biofilms were
stained with 25 pL SYTO 9 (3 pM) and 25 pL propidium iodide
(P1, 15 pM) for 5 min. SYTO 9 was excited at ~500 nm with
emission at ~530 nm and PI was excited at ~493 nm with
emission at ~636 nm.

For surface morphology observation, biofilms on cell-
culture coverslips were treated with the respective polymer
solutions and examined using field-emission scanning elec-
tron microscopy (SEM, Gemini SEM 500, Zeiss). Following
treatment, the biofilms were rinsed gently with PBS and fixed
overnight at 4 °C with 4% glutaraldehyde. After fixation,
samples were dehydrated through a graded ethanol series (30,
50, 70, 80, 90, 95, and 100% v/v), dried, and subjected to SEM
analysis to evaluate the extent of biofilm disruption.

2.7 Cytotoxicity

NIH/3T3 cells were evaluated by CCK-8 viability analysis after
24 h exposure to polymers at 50, 100, 125, 150, 175, and
200 pug mL™"; cells were seeded at 8 x 10° cells per well in
DMEM + 10% FBS and the absorbance was read at 450 nm.
The full protocol is provided in the SI.

2.8 Characterization

Molecular weights were determined by gel permeation chrom-
atography (GPC) in DMF containing 0.01 M LiBr at 50 °C (flow
rate 1.0 mL min~") using PolarGel-L (and, when required,
PolarGel-M) columns. 'H NMR spectra of polymers were
acquired in D,O on a Bruker AVANCE III HD spectrometer to
verify composition and deprotection. Circular dichroism (CD)
spectra were recorded on a Chirascan spectropolarimeter
(Applied Photophysics) at 25 °C using polymer solutions
(200 ug mL™" in PBS, pH 7.4) in 1 mm quartz cuvettes over
195-280 nm (1 nm interval, 50 nm min~' scan rate, 2 nm
bandwidth); the mean residue ellipticity was calculated as [6]
(deg em* dmol™") = mdeg/(I x c), where mdeg is the CD signal,
lis the path length (mm), and ¢ is the molar concentration (mM).
Critical aggregation concentrations (CACs) were determined
with 8-anilino-1-naphthalenesulfonic acid (ANS, 10 pM) as a
fluorescent probe by preparing polymers at 0.03-400 pg mL™*

This journal is © The Royal Society of Chemistry 2026
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in PBS (pH = 7.4) or PB (pH = 5.5), incubating for 1 h at room
temperature in the dark, and recording emission spectra from
420-670 nm (Aex = 360 nm); CAC values were obtained from the
intersection of two linear fits of fluorescence intensity versus
log[ polymer].

3. Results and discussion

3.1 Design strategy for constructing host defense peptide
mimics

Although HDP mimics display broad structural diversity, they
generally share two hallmarks: cationic charge, which promotes
electrostatic adsorption to anionic bacterial membranes, and
amphiphilicity, which enables insertion into lipid bilayers and
disruption of membrane integrity.>> Guided by these features, we
established a polymer library with varied cationic and hydro-
phobic modules to explore structure-function relationships.”®

Poly(a-amino acids) were selected as the cationic framework
due to their resemblance to natural HDPs and tunable side
chains. Primary amines were introduced as charge carriers, as
they facilitate initial membrane binding and have been
reported to surpass tertiary and quaternary amines in mem-
brane perturbation.””

Hydrophobicity was tuned by four representative mono-
mers. Valine offered moderate hydrophobicity to balance solu-
bility and insertion; norvaline increased side-chain flexibility
and thus backbone conformational freedom; phenylalanine,
with an aromatic ring, enhanced lipophilicity and rigidity,
favoring stable membrane insertion; and CBL introduced
amide groups, enabling hydrogen bonding with membrane
phosphates and enhancing activity.®

Finally, the chain length was set at ~20 residues, informed
by previous reports that polymers shorter than this lack inser-
tion capability, whereas longer chains suffer from reduced
solubility, altered charge density, and diminished activity.>**°
This design ensured a balance among conformational adapta-
bility, solubility, and antibacterial performance, providing a
robust platform for subsequent studies.

The process operates under mild conditions and affords
Boc-1-Lys NCA as white crystals (yield = 74%). Relative to the
a-pinene/HCI route, the reaction temperature and duration are
markedly reduced, resulting in roughly half the energy con-
sumption and approximately 40% lower overall waste gene-
ration. These outcomes illustrate that modifications at the
process level can directly enhance the material and energy
efficiency while maintaining the product yield. Our compari-
sons cover conventional chlorinated protocols and moisture-
tolerant scavenger strategies reported in the literature,>°
with side-by-side conditions summarised in Table 1.

3.2 Synthesis of HDP mimics via NCA ring-opening
polymerization

To systematically probe how the hydrophobic content affects
antibacterial and antibiofilm performance, we synthesized a
series of copolymers with the general formula P(LyS,o,-c0-Yy0,)»

This journal is © The Royal Society of Chemistry 2026
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(n = 20), where Y represents Val, Nva, Phe, or CBL. For clarity,
they are denoted as Lys,Val,, Lys,Nva,, Lys,Phe,, and Lys,CBL,,
with x and y indicating the molar ratios of Lys and the hydro-
phobic unit.

Cationic Boc-L-Lys NCA and four hydrophobic NCAs (r-Val,
1-Nva, r-Phe, 1-CBL) were synthesized and copolymerized
through random NCA ring-opening, yielding amphiphilic poly-
mers containing both cationic (Lys) and hydrophobic seg-
ments. To avoid solubility loss from excessive hydrophobicity,
feed ratios were limited to 0-60%, producing representative
libraries for each class (Fig. 1).>!

'H NMR confirmed that incorporated monomer ratios closely
matched feed compositions, validating reproducibility, although
Val-rich copolymers (>50%) showed slightly lower incorporation
due to reduced solubility in THF during polymerization. Gel per-
meation chromatography (GPC) revealed number-average mole-
cular weights of 3-5 kDa (x20 residues) and dispersities of
1.3-1.7. Lys,Phe, and Lys,CBL, showed narrower distributions (P
~ 1.3), while Val- and Nva-rich copolymers were broader (P ~
1.4-1.7), likely reflecting f-sheet tendencies of Val or higher chain
flexibility of Nva. Val incorporation >40% also led to solubility
loss, limiting accurate GPC analysis, whereas Nva-containing
copolymers retained partial solubility (Table 2). From a process
standpoint, maintaining solution polymerisation under ambient
THF conditions defines an operational window that minimises
solvent load and enables solvent recovery, consistent with Green
Chemistry practice.*?

Because NCA copolymerization is statistical, short-range
sequences are heterogeneous, with alternating, blocky, or
mixed motifs. Importantly, this heterogeneity did not compro-
mise the antibacterial or antibiofilm performance; rather, it
recapitulated the structural diversity of natural HDPs and
enriched the library for subsequent structure-activity studies.

3.3 Conformational analysis of HDP mimics as a function of
composition

The secondary structures of HDP mimics in aqueous environ-
ments were investigated using far-UV circular dichroism (CD)
spectroscopy in PBS, which better simulates physiological con-
ditions. Spectra between 190-250 nm capture amide transitions
and reveal conformational states: random coils show a positive
band at ~216 nm and a negative band near 197 nm; o-helices
exhibit minima at 208 and 222 nm and f-sheets display a negative
band near 216 nm and a positive signal around 195 nm.

In the Lys,Val, series (Fig. 2a), 10-40% Val yielded spectra
characteristic of random coils, consistent with electrostatic
repulsion among Lys residues. At 50% Val, mixed o-helix/
B-sheet features emerged, while 60% Val favored p-sheet struc-
tures with a strong 217 nm minimum. This progression agrees
with the known p-sheet bias of Val, driven by steric restrictions
from isopropyl side chains.>*° Lys,Nva, (Fig. 2b) displayed
similar trends at 10-50% Nva, but at 60% formed stable
a-helices, indicated by [6],2,/[0],0s ratio >1, suggesting interhe-
lical stabilization.?”

For Lys,Phe, (Fig. 2c), increasing the Phe content weakened
the 197 nm negative band, which became positive at 60%,
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Table 2 Physicochemical characteristics (M,,, ©, and DP) and antimicrobial activities (MIC, MBC, and SMICg) of the cationic peptide polymers

against S. aureus and P. aeruginosa

GPC S. aureus 6538 P. aeruginosa 9027
NMR
Series M, b DP (x% : y%) MIC MBC MIC MBC SMICg,
Lys,Val, LysgoValyo 5000 1.50 23 91:9 6.25 6.25 25 50 100
LysgoValyo 4200 1.73 21 83:17 6.25 6.25 25 50 100
Lys;oValzo 4200 1.75 22 73:27 6.25 12.5 25 50 50
LyseoValso 4700 1.74 27 64:36 6.25 12.5 12.5 25 50
LyssoValso — — — 56:44 12.5 200 25 100 100
LyssoValeo — — — 48:52 25 50 25 200 200
Lys.Nva, LysgoNvayo 5500 1.41 25 90:10 6.25 6.25 50 50 100
LysgoNva,, 5000 1.41 25 81:19 6.25 6.25 25 50 50
Lys,oNvaz, 4100 1.55 22 70:30 6.25 12.5 12.5 25 50
LyssoNvayg 3700 1.60 21 60:40 12.5 25 3.13 25 25
LyssoNvas, 3000 1.73 18 50:50 25 100 3.13 12.5 25
LyssoNvago 2800 1.76 19 43:57 25 50 6.25 25 50
Lys.Phe, LysgoPhe;q 4900 1.32 22 90:10 6.25 6.25 50 100 100
LysgoPhes, 4900 1.30 23 80:20 6.25 6.25 25 50 100
Lys;oPheso 4800 1.32 24 70:30 6.25 6.25 12.5 50 50
LyseoPheyq 4500 1.32 23 62:38 6.25 12.5 6.25 12.5 50
LyssoPhes, 4300 1.31 23 52:48 12.5 12.5 6.25 25 50
LyssoPhesg 4400 1.33 25 38:62 25 50 12.5 50 100
Lys.CBL, LySgoCBL1o 5100 1.29 22 92:8 6.25 6.25 50 100 100
LysgoCBL5g 5100 1.30 21 80:20 6.25 6.25 25 25 50
Lys;oCBL3, 5100 1.31 21 68:32 6.25 12.5 12.5 12.5 25
LyssoCBL4o 5200 1.27 21 60:40 12.5 12.5 12.5 12.5 50
Lyss50CBLs, 5300 1.27 21 51:49 12.5 25 12.5 25 50
Lys40CBLgo 5500 1.28 21 48:52 25 50 25 50 100

reflecting n-n stacking that promotes ordered conformations.
Lys,CBL, polymers (Fig. 2d) also transitioned toward o-helical
or p-sheet structures with rising CBL content, with mixed
structures already evident at 40%. This effect likely stems from
amide-mediated hydrogen-bonding networks, in line with
reports that self-assembling antimicrobial peptides stabilize
secondary structures through hydrogen bonding and aromatic
interactions.>®

5498 | Green Chem., 2026, 28, 5493-5506

At 10-40% hydrophobic content, all four series adopted
random coil conformations, again attributable to Lys-Lys
electrostatic repulsion. Raising the pH, which partially neutral-
izes cationic groups and mimics anionic bacterial surfaces,
induced helix formation in LyseoCBL;,. This environmental
responsiveness demonstrates that conformational adaptability
is an intrinsic feature of HDP mimics and may underlie their
capacity to tune antibacterial activity.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 CD spectra of (a) Lys,Val,, (b) Lys,Nva,, (c) Lys,Phe, and (d) Lys,CBL, in PBS buffer (pH 7.4) at 25 °C.

3.4 Structure-function relationships governing the antibacterial
activity of HDP mimics against planktonic bacteria

We evaluated the minimum inhibitory concentrations (MICs)
and minimum bactericidal concentrations (MBCs) of the poly-
mers against S. aureus and P. aeruginosa (Table 2). Against
S. aureus, all four series maintained strong activity at 10-40%
hydrophobic content (MIC <12.5 pg mL™", MBC <25 ug mL™").
Lys,Val, and Lys,Phe, were the most potent (MIC = 6.25 g
mL™"), comparable to natural peptides such as lactoferricin B
and superior to many reported AMPs.*?™*?

At >50% hydrophobicity, trends diverged. Lys,Val, and
Lys,Nva, showed reduced bactericidal activity, with MBCs
rising to 100-200 pg mL ™", likely due to lowered charge density
and polymer self-association. In contrast, Lys,Phe, and
Lys,CBL, retained robust activity, as aromatic stacking or
amide hydrogen bonding stabilized interactions when the cat-
ionic density decreased.

Against P. aeruginosa, Lys,Val, displayed a bell-shaped activity
curve, peaking at intermediate Val levels, whereas Lys,Nva, main-
tained low MICs across a broader range (e.g,, 3.13 ug mL™" at
LyssoNvas). Lys,Phe, and Lys,CBL, were the most effective at
30-50% hydrophobic content. Notably, large CBL-rich aggregates
retained activity comparable to single-chain analogs, indicating
that the balance of cationic and hydrophobic groups, rather than
the assembly state, governs efficacy.

CD analysis linked these outcomes to the secondary struc-
ture. Ordered conformations at high Val or Nva content corre-
lated with diminished bactericidal efficiency, as functional

This journal is © The Royal Society of Chemistry 2026

groups became sequestered within folded or aggregated states.
This is consistent with previous reports where enforced helicity
reduced AMP activity.***4*3

Comparisons across species revealed that Lys,Val, and
Lys,Phe, were more effective against Gram-positive bacteria,
while Lys,Nva, and Lys,CBL, favored Gram-negative pathogens.
This dichotomy reflects cell envelope differences: Gram-posi-
tive bacteria rely primarily on electrostatic interactions with
teichoic acids (Fig. S10a), whereas Gram-negative species
require additional hydrophobicity to penetrate their lipopoly-
saccharide-rich outer membrane (Fig. S10b). Despite the
random sequence distribution of these copolymers, the overall
amphiphilicity proved to be sufficient to reproduce the key
functional features of natural HDPs.*®

In parallel with MICs, NIH/3T3 viability assays show that
cytotoxicity varies with the hydrophobic pendant group at
equal charge density, consistent with the amphiphilic-balance
window observed for antibacterial/antibiofilm activity. This
structure dependence motivates prioritizing pendant-group
chemistry when modeling and synthesizing next-generation
mimics (Fig. $11).%®

3.5 Non-bactericidal mechanisms and structural
determinants underlying biofilm inhibition

In addition to bactericidal activity, HDP mimics inhibited
biofilm formation through non-lethal pathways, including
interference with bacterial adhesion, quorum sensing, and
EPS secretion. Under biofilm-promoting conditions, all four

Green Chem., 2026, 28, 5493-5506 | 5499
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series suppressed P. aeruginosa biofilms in a manner consist-
ent with their antibacterial potency, with Lys,Nva, showing the
strongest inhibition up to 50% Nva before slightly declining
(Table 2).

For S. aureus, however, inhibition patterns diverged from
antibacterial trends. Lys,Val, copolymers effectively killed
planktonic cells at 10-40% Val but required ~4 x MIC to block
biofilm formation, underscoring the tolerance conferred by
rapid adhesion and EPS deposition. Notably, Lyss,Vals,
despite weak bactericidal activity (MBC 200 pg mL™"), sup-
pressed >80% of biofilm biomass at 50 pg mL™, while
LyssoValeo, though more bactericidal, showed poor antibiofilm
performance (Fig. 3a). These discrepancies highlight mechan-
istic distinctions between cell killing and biofilm inhibition,
consistent with natural peptides such as LL-37, which blocks
biofilm development at sub-MIC levels through adhesion and
signaling interference.’

Mechanistic insights suggest that cationic polymers can act at
sub-lethal doses by charge neutralization or “bridging effects”
that cluster bacteria and reduce surface colonization,*®*® or by
disrupting metabolism and quorum sensing.*® For example,
LyssoVals, assemblies likely adhere to bacterial surfaces, altering
hydrophobicity and preventing adhesion.>

Lys,Nva,, polymers also displayed strong antibiofilm effects,
with LyssoNvas, fully suppressing S. aureus biofilms at 50 pg
mL~', below its MBC (Fig. 3b). Similarly, Lys,Phe, required
higher multiples of MBC at low Phe content but became more
efficient at 40-50%, consistent with n—r interactions stabilizing

View Article Online
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ordered conformations (Fig. 3c). Lys,CBL, showed potent inhi-
bition at 10-40% CBL but diminished efficacy at higher load-
ings, likely due to the formation of large aggregates that
limited cell-surface interactions (Fig. 3d).

Altogether, these results show that antibiofilm activity is
not solely dictated by bactericidal potency. Instead, it arises
from synergistic contributions of cationic density, moderate
hydrophobicity, and specific non-cytotoxic mechanisms, high-
lighting design opportunities for polymers that target biofilm
formation independently of bacterial killing.

3.6 Structural regulation and functional performance in
clearing mature biofilms

We next assessed the ability of selected HDP mimics to eradi-
cate established biofilms. Against S. aureus, polymers with
10-40% hydrophobic content were the most effective. CLSM
imaging with SYTO 9/PI staining revealed that Lysq,Val,, and
LysgoVal,, induced extensive bacterial death throughout bio-
films, whereas Lys,oValz, and LyseoValyo showed residual viabi-
lity in deeper layers. SEM confirmed pronounced structural
damage, including ruptured membranes and collapsed sur-
faces (Fig. 4a and b). Quantitative assays showed that
LysooValye cleared 80% of biofilms at 150 pg mL™', while
LysgoValye required 175 pg mL™'; Lys,Valz, removed only
~60% at 200 pg mL™', and LysValg, was largely inactive
(Fig. 4c).

In the Lys,Nva, series, the clearance capacity declined
sharply as the cationic content decreased. LysgoNva,, achieved
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Fig. 3 Quantitative analysis of bacterial viability within biofilms after incubating S. aureus in the presence of (a) Lys,Val,, (b) LysyNva,, (c) Lys,Phe,

and (d) Lys,CBL, (dashed lines are guides to the eye).
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(a) Three-dimensional confocal laser scanning microscopy (3D CLSM) images of mature S. aureus biofilms after 24 h treatment with 200 pg

mL™? Lys,Val,. (b) SEM images of biofilms treated with Lys,Val,. (c) Viability of biofilms incubated with Lys,Val,f, Lys,Nva,, Lys,Phe,, or Lys,CBL, (*p <
0.05, **p < 0.01, *p < 0.001 vs. control). T Data adapted from ref. 52, with permission from the Royal Society of Chemistry. Inset: MTT-stained biofilm

after polymer treatment.

~80% removal at 150 pg mL™", but polymers with >20% Nva
were ineffective. Lys,Phe, followed a similar trend: LysqooPhe,qo
and LysgoPhe,, reduced ~80% at 150-175 pg mL™", whereas
higher Phe contents lost efficacy. In contrast, Lys,CBL, poly-
mers maintained strong performance, with 10-20% CBL clear-
ing >80% of biomass at 125-175 pg mL™", while Lys,,CBLs,
retained ~60% clearance at 200 pg mL™" (Fig. 4c). Collectively,
these results underscore that the cationic density dominates
EPS penetration and biofilm clearance.

To disentangle charge effects from hydrophobic chemistry,
we compared LysgoCBL1g, LySgoBAjg, LySgoLeu;o, and Lys;go.
Despite the identical charge ratios, LysqcCBL,, achieved near-
complete clearance (95%) at 200 pg mL™', outperforming

This journal is © The Royal Society of Chemistry 2026

LySgoBA1o (70%) (Fig. 5a). The enhanced activity of CBL arises
from amide-mediated hydrogen bonding with EPS and
membranes.'®? Persister assays confirmed that the amphiphi-
lic balance accelerates clearance: LysqoCBL;g, LysgoValyg, and
LysooBA;o eradicated persisters within 18 h, while Lys;go
required 24 h (Fig. 5b). Consistent with these trends, the
biofilm viability decreased in a dose-dependent manner, with
Lys,CBL, and Lys,Val, showing the steepest reductions, and
Lys,Phe, intermediate and Lys,Nva, the least (Fig. 5c). Thus,
additional cationic charge alone is insufficient; moderate
hydrophobicity enhances penetration and killing depth.

For P aeruginosa, polymers with 20-50%
hydrophobicity were the most effective. Lys,Nva, and Lys,CBL,

Green Chem., 2026, 28, 5493-5506 | 5501
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Fig. 6 3D CLSM images of mature S. aureus biofilms after 9 h treatment with 200 pg mL™ (a) Lys.Nva, and (b) Lys,CBL,. Bacterial viability of mature
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0.05, **p < 0.01, and ***p < 0.001; significant difference analysis results were obtained by comparison with the untreated control group).

disrupted the biofilm structure, increased red fluorescence In contrast, Lys,Val, and Lys,Phe, showed limited activity
(Fig. 6a and b), and reduced biomass by 50-80% at except at specific compositions (Fig. 7a-c). Notably, Lyss,CBL4o
200 pg mL~" (Fig. 6c-h). was effective against both S. aureus and P. aeruginosa, likely
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due to its higher surface potential (+17.3 mV) compared with
LyssgNvas, (+6.9 mV), enabling stronger EPS penetration and
adsorption.

Integrating these findings, we constructed a structure-function
map (Fig. 7d). High cationic content was decisive for Gram-posi-
tive activity, while moderate hydrophobicity enhanced the efficacy
against Gram-negative biofilms. Polymers relying solely on charge
lacked broad-spectrum antibiofilm potency. Rational amphiphilic
designs, balancing charge, hydrophobicity, and assembly pro-
perties, therefore represent the optimal strategy for developing
HDP mimics capable of eradicating mature biofilms.

3.7 Discussion

With antibiotic resistance intensifying and conventional thera-
pies failing against biofilm-associated infections, this study
provides a systematic framework linking the polymer structure
to antibacterial and antibiofilm functions. By comparing poly
(a-amino acid) copolymers with varied hydrophilic-hydro-
phobic compositions, we identified how the cationic density,
hydrophobicity, and assembly behaviour cooperatively shape
biological outcomes.

Our results demonstrate that the cationic charge density is
the primary driver of EPS penetration and biofilm clearance.
Polymers with high Lys content, such as Lysg,Val;, and

This journal is © The Royal Society of Chemistry 2026

LysooCBL4,, readily permeated and disrupted mature S. aureus
biofilms, while reducing charge below ~60% led to a sharp
loss of efficacy. This underscores the central role of electro-
statics in overcoming the biofilm barrier.

Hydrophobicity further modulated activity, especially
against P. aeruginosa. Polymers incorporating Nva or CBL per-
formed best at intermediate hydrophobic ratios (20-40%),
where solubility, membrane affinity, and EPS interactions were
optimally balanced. CBL’s amide side chains provided
additional hydrogen bonding, conferring advantages over Val,
Phe, or ester-containing BA.

Self-assembly also proved critical. Lysso,CBL,, formed nano-
scale aggregates with higher surface potential (+17.3 mV),
enabling deep EPS penetration and persister eradication,
whereas LyssoNvas,, despite similar composition, lacked com-
parable activity due to its lower charge density and weaker
assemblies. Persister assays confirmed that amphiphilicity, not
charge density alone, governs clearance kinetics: Lysgo,CBL;o,
LysooVal;o, and LyseoBA;, eradicated persisters faster than fully
cationic Lys;o.

Importantly, antibacterial potency against planktonic bac-
teria and antibiofilm efficacy were not linearly correlated.
While electrostatic adsorption dominates activity against
Gram-positive bacteria, moderate hydrophobicity is essential

Green Chem., 2026, 28, 5493-5506 | 5503
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Fig. 8 Sankey diagram correlating the cationic peptide polymer composition with their ability to eradicate S. aureus or P. aeruginosa biofilm. Lys,Y,
= x mol% Lys and y mol% hydrophobic unit (x + y = 100; Y = Val/Nva/Phe/CBL).

for breaching Gram-negative outer membranes and their bio-
films. This distinction highlights that separate mechanisms
underlie these two activities, requiring differentiated design
strategies.

In addition to improvements in process greenness,”* the
comparative sustainability of peptide-based antimicrobials
relative to conventional antibiotics merits attention. Antibiotic
production and environmental fate analyses have shown that
active pharmaceutical ingredient synthesis accounts for nearly
40-45% of the total life-cycle environmental impact,*® and per-
sistent residues contribute to antimicrobial resistance dissemi-
nation. In contrast, antimicrobial peptides and their mimics
are enzymatically degradable and exhibit effective antibiofilm
activity at 10-100 pg mL™'.°**” When compared on a func-
tional unit basis (>90% mature biofilm clearance), the lower
mass and energy demands per antibacterial effect indicate
that HDP-based systems inherently align with green chemistry
principles by reducing the persistence, resistance potential,
and material intensity.*?

Overall, our study clarifies the cooperative roles of cationic
density, moderate hydrophobicity, and self-assembly in defin-
ing the dual functionality of HDP mimics (Fig. 8). These
insights provide design principles for amphiphilic polymers
capable of both killing planktonic bacteria and clearing
mature biofilms, offering a rational path toward next-gene-
ration biomimetic therapeutics for multidrug-resistant and
chronic biofilm-associated infections.
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4. Conclusion

This study elucidates composition-structure-function relation-
ships in cationic copolypeptides for biofilm eradication and
demonstrates that the underlying synthetic route achieves high
efficiency with reduced material and energy demands. The moist-
ure-tolerant, catalyst-free NCA process yields 74% conversion—an
improvement over conventional peptide-synthesis routes—while
lowering the E-factor and PMI by about 50% and halving the
energy requirement. These quantitative reductions provide clear
evidence of an environmentally improved process consistent with
the current principles of green chemistry.

Beyond process optimization, host defense peptide mimics
represent an environmentally responsible antimicrobial plat-
form. Compared with small-molecule antibiotics—which often
show persistence in water environments and contribute to
antimicrobial resistance—biodegradable peptides offer com-
parable efficacy with lower functional-unit mass and minimal
long-term environmental footprint. This work therefore under-
scores how the rational design and sustainable synthesis of
HDP-based materials can jointly advance the dual objectives of
biomedical performance and green chemistry sustainability.
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