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Abstract: Antimicrobial peptides (AMPs) possess strong antibacterial activity but are often associated with undesirable
hemolytic activity, cytotoxicity, and sensitivity to proteolysis. Here, we report a simple and efficient prodrug system that combines
antimicrobial peptides with photo-releasable PEG, successfully applied to the linear peptide indolicidin. After modification, this
peptide significantly reduced hemolytic and cytotoxic effects while enhancing stability against proteolysis. Under irradiation
conditions, the AMP is released, demonstrating antibacterial activity comparable to that of natural products.
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Introduction

Antimicrobial peptides (AMPs) are cationic and amphiphilic molecules found in various forms of life!*-?|,exhibiting broad
antibacterial activity effective against both Gram-positive and Gram-negative bacteria, viruses, and fungi®’.They reduce the
risk of microbial resistance by disrupting the lipid bilayer of cell membranes, making them highly promising for the treatment
of microbial infections™™, especially in the context of increasing bacterial resistance and diminishing efficacy of existing
antibiotics™. However, the clinical application of natural antimicrobial peptides is often limited due to their strong hemolytic
activity and cytotoxicity!®. To reduce toxicity while maintaining antibacterial efficacy!”], researchers have proposed various
strategies, including sequence modification, structural stabilization!®), and the development of antimicrobial peptide mimetics.
In recent years, the emergence of light-regulated antibiotics has opened new avenues for antibiotic application®!%, with “smart”
antibiotics created using photo-switchable groups such as azobenzene and diene, which can be activated under specific light
conditions to reduce side effects and the risk of resistance!'!!. Additionally, the design of light-switchable antimicrobial peptides
has also achieved success in in vivo studies. One approach to overcoming the limitations of peptide drugs is through covalent
linkage with polyethylene glycol (PEG)!>!3. PEGylated peptides can reduce renal clearance and immunogenicity, but they often
significantly decrease biological activity. Releaseable PEGylation (rPEGylation) is a novel concept that combines peptides with
PEG using cleavable linkers'¥. This study presents a prodrug system that effectively suppresses toxic side effects and enhances
enzymatic degradation by linking AMPs with bulky mPEG through photounstable linkers, restoring antimicrobial activity after

ultraviolet irradiation.

1. Instruments and Reagents

Fmoc-Pro-(2-CTC)-resin (1% crosslinked, 100-200 mesh, 0.476 mmol/g) and Rink Amide resin (1% crosslinked, 100-200 mesh,
0.91 mmol/g) were sourced from GL Biochem (Shanghai). All solvents and reagents were used as received. Analytical RP-HPLC was
conducted on a Welch XB-C18 column (4.6 x 250 mm, 5 pm) with a linear gradient of CHsCN and H2O (0.1% TFA, v/v) at a flow
rate of 1 mL/min for 30 minutes, detecting at 221 nm. For semi-preparative purification, a YMC-Pack ODS-A column (10 x 250 mm,
5 um) was used with a specific CHsCN and H20 (0.1% TFA, v/v) gradient, at a flow rate of 2 mL/min.
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2. Experimental Section

2.1 Peptide Synthesis

Preparation of AMP-mPEG Conjugates: We incorporated photo-labile amino acids during Fmoc solid-phase peptide synthesis,
followed by adding side-chain photo-labile amino acids to the peptide. The final conjugate was formed through a terminal alkyne-
azide “click” reaction between mPEG-azide and the photo-labile peptide. A photo-labile amino acid was synthesized using propargyl-
functionalized 4,5-dimethoxy-a-methyl-nitro (DMNB) as the cage group, with the indole derivative assembled on Rink Amide resin
via sequential HBTU-mediated coupling, using DiPEA as the base and DMF as the solvent. Fmoc deprotection was done with 20%
piperidine. Resin cleavage was performed under 1% TFA/DCM to protect side-chain groups. The crude peptide underwent global
deprotection with 90% TFA/H2O, precipitated in cold ether, and further purified by RP-HPLC. Finally, mPEG2000 was attached via
“click” chemistry, yielding cIN-mPEG2000.
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Figure 1. Synthesis of cIN-mPEG2000. Synthetic conditions: (a) Sequential coupling (Xaa, HBTU, DiPEA, DMF) and deprotection(20% piperidine/DME, v/v) steps;
(b) 95% TFA/H20, v/v, 2 x 30 min, 8.7% yield for compound 15; (¢) Sodium ascorbate,CuSO4.5H20,, t-BuOH, H20, 28%.

2.2 Stability Experiments:

Chemical Stability Experiment: cIN-mPEG2000 (0.1 mM) was added to acidic (pH 0.4) and basic (pH 13) buffer solutions and
incubated at 37°C to simulate in vivo conditions. HPLC analysis was performed after incubation to assess degradation. Protease
Stability Experiment: cIN-mPEG2000 was mixed with fresh or frozen mouse plasma and incubated at 37°C. A protease inhibitor was
added at sampling to halt proteolysis, and HPLC was used to evaluate the stability of cIN-mPEG2000.

2.3 Cytotoxicity Experiment:

L02 cells (1x10%well) were seeded in a 96-well plate and cultured for 24 hours. After washing with PBS, cells were treated
with complete medium (10% FBS), starvation medium (1% FBS), and various treatments (AMP, AMP-mPEG2000, control) and
incubated for 48 hours at 37°C with 5% CO.. Thirty minutes before the end, 10 pL of CCK-8 reagent was added to each well, followed
by 30 minutes of incubation. Cell proliferation and survival were assessed by measuring OD at 450 nm.

2.4 Antibacterial Experiment:

Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 29213), and Enterococcus faecalis (ATCC 35667) were cultured
in TBS at 200 rpm to the logarithmic phase. In a 96-well plate, 10 pL of GS or cGS-mPEG in DMSO was added to 90 puL of bacterial
culture. DMSO (10%) served as a negative control. After a 48-hour incubation at 37°C, the minimum inhibitory concentration (MIC)
was determined by measuring turbidity at 620 nm.

3. Results and Discussion

3.1 Synthesis Experiments:
Indolicidin: >95% purity, 18.7 mg, 9.8% overall yield from SPPS. MS (ESI+): m/z caled for 1 /2 x C100H134N26013 2+ :
953.53 1 /2 [M+2H] 2+ ; found: 954.15.
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cIN-mPEG2000: >95% purity, 9 mg, 2.4% overall yield from SPPS. MS (ESI+): m/z calcd for 1 /4 x C202H322N30Na4063 4+
: 1067.06 1 /4 [M+4Na] 4+ ; found: 1067.34.

3.2 Stability Experiments:

Chemical Stability Experiment: cIN-mPEG2000 remained stable after 24 hours under acidic (pH 0.4) and basic (pH 13) conditions,
suggesting its potential in biomedical applications (Figure 2A). Protease Stability Experiment: cIN-mPEG2000 was incubated in
mouse plasma. After 24 hours, about 50% of indolicidin degraded, while the stability of cIN-mPEG2000 was significantly enhanced
with mPEG2000 (Figure 2B).
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Figure 2.(A)Chemical stability of cIN-mPEG2000 in 3% TFA (m/v) or 0.1 mM NaOH aqueous buffer .
(B)Mouse serum stability of cIN-mPEG2000 in comparison to natural AMPs after 24 h incubation.

3.3 Cytotoxicity Experiment:

The cytotoxicity of the AMP-mPEG2000 conjugate was assessed in vitro against LO2 cells. In the presence of 10% fetal bovine
serum, no significant difference in cytotoxicity was observed between cIN-mPEG2000 and indolicidin (Figure 3A). However, in
starvation medium, the toxicity of cIN-mPEG2000 was significantly lower than that of the natural peptide (Figure 3B).

1% fetal bovine serum 10% fetal bovine serum

[
o
-
~
[=]

El Indolicidin
© @@ cIN-MPEGgqq

@l Indolicidin
© @@ cIN-MPEGgpng

=]
=]

Cell Viability (%)
2

Cell Viability (%)
3 28

'y ©
o 1=}
B =]
o =3

N
=]
(5]
[=]

Concentration (uM) Concentration (uM)

A B
in comparison to natural AMPs under different concentrations. Cytotoxicity of AMPs, AMP-mPEG,,, conjugates against L02 cells under both
(B) 10% and C) 1% fetal bovine serum conditions.

Figure 3. cIN-mPEG, |
3.4 Antibacterial Experiment:

The AMP’s antibacterial activity was tested in both “caged” and “uncaged” forms against Gram-positive and Gram-negative
bacteria (Table 1). The AMP-mPEG2000 conjugate showed reduced efficacy, but after irradiation, the “uncaged” AMPs regained

activity comparable to natural products.
Table 1. Antimicrobial activity of peptides and AMP-mPEG2000 conjugates|[a]

Compound ™ E.coli S. aureus E. faecium

Indolicidin 25 12.5 12.5

CIN-mPEG, 100" 100" 100"
Indolicidin + (NB-mPEG,,,)" 25 12.5 12.5

[a] Measured using the minimum inhibitory concentration (MIC, uM);
[b] Maximum test concentration was 100 puM;
[c] After complete photolysis, the peptide was mixed in equimolar amounts with NB-mPEG2000 for antibacterial testing.

4. Conclusion

In summary, we have proposed a novel and efficient prodrug system that combines antimicrobial peptides (AMPs) with photo-
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releasable PEG linkers for the first time. As a proof of concept, we developed the AMP prodrug cIN-mPEG2000, which restores
antibacterial activity after irradiation with minimal side effects. Additionally, this AMP-mPEG2000 prodrug demonstrated high
stability during serum incubation, indicating its potential for further in vivo applications. While we have only demonstrated the
biological activity of light-triggered PEGylated AMPs, our work provides a new approach for designing various potential “smart”
AMP conjugates targeting local microbial infections. However, the relatively shallow tissue penetration of UV irradiation remains
a limitation for future in vivo applications. In the next steps, our research team will focus on employing two-photon absorption
techniques to modify the light wavelength.

References:

[1]Zasloff, M. Antimicrobial Peptides of Multicellular Organisms. Nature 2002, 415 (6870), 389-395.

[2]Hancock, R. E. W.; Sahl, H.-G. Antimicrobial and Host-Defense Peptides as New Anti-Infective Therapeutic Strategies. Nat.
Biotechnol. 2006, 24 (12), 1551-1557.

[3]Wang, G.; Li, X.; Wang, Z. APD3: The Antimicrobial Peptide Database as a Tool for Research and Education.Nucleic Acids Res.
2016, 44 (D1), D1087-D1093.

[4]Yeaman, M. R.; Yount, N. Y. Mechanisms of Antimicrobial Peptide Action and Resistance. Pharmacol. Rev.2003, 55 (1), 27-55.

[S]Mahlapuu, M.; Hékansson, J.; Ringstad, L.; Bjorn, C. Antimicrobial Peptides: An Emerging Category of Therapeutic Agents.
Front. Cell Infect. Microbiol. 2016, 6.

[6]Fox, J. L. Antimicrobial Peptides Stage a Comeback. Nat. Biotechnol. 2013, 31 (5), 379-382.

[7]Dong, N.; Zhu, X.; Chou, S.; Shan, A.; Li, W.; Jiang, J. Antimicrobial Potency and Selectivity of Simplified Symmetric-End
Peptides. Biomaterials 2014, 35 (27), 8028-8039.

[8]Yuan, F.; Tian, Y.; Qin, W.; Li, J.; Yang, D.; Zhao, B.; Yin, F.; Li, Z. Evaluation of Topologically DistinctConstrained Antimicrobial
Peptides with Broad-Spectrum Antimicrobial Activity. Org. Biomol. Chem. 2018,16 (32), 5764-5770.

[9]Klausen, M.; Dubois, V.; Verlhac, J.; Blanchard-Desce, M. Tandem Systems for Two-Photon Uncaging of Bioactive Molecules.
ChemPlusChem 2019, 84 (6), 589—598.

[10]Nordstrom, R.; Malmsten, M. Delivery Systems for Antimicrobial Peptides. Adv. Colloid Interface Sci. 2017,242 (Supplement
O), 17-34.

[11]Yeoh, Y. Q.; Yu, J.; Polyak, S. W.; Horsley, J. R.; Abell, A. D. Photopharmacological Control of Cyclic Antimicrobial Peptides.
ChemBioChem 2018, 19 (24), 2591-2597.

[12]Veronese, F. M.; Mero, A. The Impact of PEGylation on Biological Therapies. BioDrugs 2008, 22 (5),315-329.

[13]Nordstrom, R.; Nystrom, L.; Ilyas, H.; Atreya, H. S.; Borro, B. C.; Bhunia, A.; Malmsten, M. Microgels as Carriers of Antimicrobial
Peptides — Effects of Peptide PEGylation. Colloids Surf., A 2019, 565, 8—15.

[14]Guan, Q.; Huang, S.; Jin, Y.; Campagne, R.; Alezra, V.; Wan, Y. Recent Advances in the Exploration of Therapeutic Analogues of
Gramicidin S, an Old but Still Potent Antimicrobial Peptide. J. Med. Chem. 2019,62(17), 7603-7617.

- 88 - Advances in Higher Education



