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Antimicrobial peptides (AMPs) have recently been exploited to fabricate anti-
infective medical devices due to their biocompatibility and ability to combat
multidrug-resistant bacteria. Modern medical devices should be thoroughly
sterilised before use to avoid cross-infection and disease transmission,
consequently it is essential to evaluate whether AMPs withstand the
sterilisation process or not. In this study, the effect of radiation sterilisation

on the structure and properties of AMPs was explored. Fourteen AMPs
formed from different monomers with different topologies were synthesised
by ring-opening polymerisation of N-carboxyanhydrides. The results of
solubility testing showed that the star-shaped AMPs changed from water-
soluble to water-insoluble after irradiation, while the solubility of linear
AMPs remained unchanged. Matrix-assisted laser desorption/ ionisation
time of flight mass spectrometry showed that the molecular weight of the
linear AMPs underwent minimal changes after irradiation. The results
of minimum inhibitory concentration assay also illustrated that radiation
sterilisation had little effect on the antibacterial properties of the linear
AMPs. Therefore, radiation sterilisation may be a feasible method for the
sterilisation of AMPs, which have promising commercial applications in

medical devices.
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as central venous catheters, prostheses and
contact lenses, often suffer from microbial
contamination, which ultimately leads to medical
device-related infections and high risk to human
health.'”* Therefore, extensive efforts have been
made to develop effective, safe, and durable
antimicrobial medical devices. In the clinical
setting, antiseptic drug loading has been proven
to be the most achievable method to create an
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antimicrobial surface on a medical device.**
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Silver ion-,”* silver alloy-,
antibiotic-impregnated
catheters*'* and urinary catheters have been
widely used in hospitals and show lower risk

of catheter-related infections. However, each

and central venous
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approach possesses inherent limitations of overall
poor biocompatibility and significant risks of
drug resistance that will render it unsuitable for a
specific product.'> '

Recently, antimicrobial peptides (AMPs)
have attracted considerable attention for
the development of antimicrobial medical
devices by virtue of their broad-spectrum,
rapid-acting antibacterial activity, excellent
biocompatibility,””” and less susceptibility to
bacterial resistance evolution.?> However,
natural AMPs are not preferred for anti-
infective medical devices due to their high-
cost, unclear toxicology, and low immature
stability.””  Consequently  synthetic =~ AMPs
which are less expensive and easier to prepare

have been developed as good substitutes
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for natural AMPs. Especially, AMPs prepared by ring-

opening polymerisation (ROP) of N-carboxyanhydrides
(NCAs) have tunable structures and properties that
can be adjusted according to actual demands.'® *

In addition, surface-immobilised AMPs not only have high
antimicrobial activity, but also exhibit much lower cytolytic
potency towards mammalian cells.?

Sterilisation has been defined as any process that eliminates
microorganisms surface, food, medication, or
biological culture medium.” For medical devices, sterilisation
has been recognised as an essential process.” Patients may
suffer infection and mortality/morbidity issues when using
improperly sterilised healthcare products.® Therefore, the
AMPs loaded onto medical devices must be able to withstand
the sterilisation process. Ethylene oxide gas and ionising
radiation are the most widespread commercially-available non-
thermal sterilisation methods for healthcare products.” For
AMPs, amino groups are the main groups responsible for their
bactericidal function.”® Considering that an epoxy group will
interact with active amino groups on the AMPs and affect their
performance,®” ¥ ethylene oxide sterilisation is considered to
be an unsuitable sterilisation method for AMPs, and radiation

from a

sterilisation is the preferred method. Nervetheless radiation
may alter the chemical and physical properties of AMPs, to
the best of our knowledge, there are no relevant studies on
the validation of radiation sterilisation methods for AMPs and
consequently detailed studies of potential degradation need to
be performed.

In this study, fourteen AMPs consisting of different monomers
and with varied topologies were synthesised through the
ROP of NCAs. Validation of the AMPs against the radiation
sterilisation was carried out by employing a commercial 10
MeV electron beam (e-beam). It has been reported that 25 kGy
is the recommended dose for the sterilisation of medical devices
with no further need to provide any biological validation.**3
Therefore, a radiation dose of 25 kGy was chosen for our
tests. The influences of sterilisation on the structure and
antibacterial properties of the AMPs were comprehensively
analysed by matrix-assisted laser desorption/ionisation time
of flight (MALDI-TOF) mass spectrometry (MS) and the
minimum inhibitory concentration (MIC) assay.

Methods

Materials

Ne-tert-butyloxycarbonyl-L-lysine(Lys,97%),D-phenylalanine
(Phe, 98%), triphosgene (99%), trifluoroacetic acid (99%),
hexylamine (99%), and D, L-valine (Val, 98%) were obtained
from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Star-shaped initiators were provided
by Dendritech, Inc. (Midland, MI, USA). Sodium acetate
(99.5%), dimethyl sulfoxide-d,, chloroform-d were purchased
from Anhui Senrise Technology Co., Ltd. (Anging, Anhui,
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China). Anhydrous N, N-dimethylformamide (99.9%) and
anhydrous tetrahydrofuran (99.9%) were provided by Beijing
Innochem Technology Co., Ltd. (Beijing, China). Other
reagents were analytically pure reagents and were used directly
without treatment. Escherichia coli (E. coli, ATCC 25922) and
Staphylococcus aureus (S. aureus, ATCC 6538) were purchased
from Nanjing Clinic Biological Technology Co. Ltd. (Nanjing,
Jiangsu, China). Bacterial culture medium and dialysis bags
(molecular weight cut-offs of 3500 g/mol and 8000-12,000
g/mol) were provided by Dingguo Biological Technology Co.,
Ltd. (Bejjing, China).

Instrumentations

'"H nuclear magnetic resonance spectroscopy ('H-NMR)
was carried out on a Bruker AV, 400 MHz spectrometer
(Bruker Corporation, Billerica, MA, USA) to characterise the
molecular structures of NCAs, AMPs and all intermediate
products. Fourier transform infrared spectroscopy was
performed on a Bruker Vertex 70 (Bruker Corporation) to
ascertain the conversion rate of monomers. Gel permeation
chromatography was performed on a system equipped with
an isocratic pump (Model 1100, Agilent Technology, Santa
Clara, CA, USA), a Dawn Heleos multi-angle laser light
scattering detector (Wyatt Technology, Santa Barbara, CA,
USA), and an Optilab rEX refractive index detector (Wyatt
Technology). The detection wavelength of the laser light
scattering detector was 658 nm. Separations were performed
using serially-connected size-exclusion columns (100 A, 500
A, 1x10° Aand 1x10* A Phenogel columns, 5 um, 300 x 7.8
mm, Phenomenex Inc., Torrance, CA, USA) at 60°C using N,
N-dimethylformamide containing 0.05 M LiBr as the eluent
phase at a flow rate of 1.0 mL/min. MALDI-TOF MS was
performed on a Bruker Daltonics FlexAnalysis system (Bruker
Corporation) to measure the molecular weight of AMPs.

Preparation and characterisation of the antimicrobial
peptides

In this study, fourteen AMPs consisting of different monomers
and with different topological structures were synthesised by
ROP of NCAs; the details are shown in Figure 1. ROP of NCAs
is one of the most convenient methods to prepare AMPs. The
specific synthetic processes of NCAs and AMPs have been
reported elsewhere.” * The successful construction of all
AMPs was confirmed by 'H-NMR (Additional file 1).

Experimental process of radiation sterilisation

Each dry powdered AMP was placed in a 10 mL polypropylene
tube and irradiated at room temperature at a dosage of 25
kGy by a 10 MeV e-beam accelerator at WEGO Holding
Co., Ltd. (Weihai, Shandong, China) After irradiation, the
samples were stored at room temperature for 5 months before
characterisation. Un-irradiated samples were used as the
controls to evaluate the changes caused by radiation.

1 Hygea Medical Technology Co., Ltd., Beijing, China; 2 State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences, Changchun, Jilin Province, China; 3 Department of Applied Chemistry and Engineering, University of Science and Technology

of China, Hefei, Anhui Province, China.
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Figure 1. The molecular structure and abbreviation of each AMP in this study. AMP: antimicrobial peptide.

Evaluation of the structural changes of antimicrobial
peptides

MALDI-TOF MS was used to analyse the influence of
radiation sterilisation on the structure of the AMPs. Samples
used for testing were prepared by dissolving in water at a
concentration of 10 mg/mL.

Evaluation of the solubility of antimicrobial peptides
Approximately 10 mg of each AMP were weighed and
dispersed in phosphate-buffered saline (PBS), PBS: acetic acid
(vzv, 1:1) and hexafluoroisopropanol. The dissolution results
were observed directly after sonication for 2 hours.

Evaluation of the antibacterial activity of
antimicrobial peptides

The antibacterial activity of different AMPs before and after
irradiation was determined by the MIC assay.***” The MIC of
an antimicrobial agent refers to the critical concentration that
inhibits bacterial growth absolutely. In this study, bacterial
proliferation was analysed by measuring the optical density of
the culture. E. coli and S. aureus were selected as representative
Gram-negative and -positive bacteria for testing. The detailed
process was as follows;* an overnight bacterial suspension
was inoculated into Mueller-Hinton broth at 37°C with
constant shaking. The bacteria were then harvested when
in the logarithmic phase of growth. The bacterial density of
the suspension was adjusted to 1 x 10° colony forming units
(CFU)/mL, confirmed by an optical density value of 0.1 at 600
nm. Then the bacterial suspension was diluted 100 times to
obtain a bacterial density of 1 x 10° CFU/mL. The AMPs were
dissolvedin PBS to obtain concentrations ranging from 1 pg/mL
to 1000 pg/mL. Then, 100 L of each AMP solution and 100
uL of bacterial suspension (1 x 10° CFU/mL) were added
together to wells of a 96-well plate, which was then incubated
at 37°C. The optical density values of the wells were measured
using a microplate reader (Tecan Sunrise, Tecan Group Ltd.,
Minnedorf, Switzerland) at 0, 6, 12, and 24 hours. A mixture of
100 uL PBS and 100 pL of bacterial solution (1 x 10° CFU/mL)
was used as control.

Statistical analysis

All data are presented as mean + standard deviation (SD).
Each result is an average of at least three parallel experiments,
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calculated using Microsoft® Excel® 2019 (Microsoft,

Redmond, WA, USA).

Results

Structural characterisation and solubility exploration
of the antimicrobial peptides

First, fourteen AMPs were synthesised via ROP of three NCAs
(Figure1). All structures of the intermediate products and final
AMPs were confirmed by '"H-NMR. As shown in Additional
file 1, the actual monomer components were consistent
with the feed expectation. Combined with the results of
gel permeation chromatography, the results proved that
AMPs were successfully constructed. The detailed molecular
parameters are shown in Table 1.

The solubility of AMPs before and after irradiation is shown
in Table 2. All linear polypeptides could be dissolved in PBS
regardless of irradiation, demonstrating that there was no effect
of irradiation on solubility. In contrast, the star-shaped AMPs
became insoluble in PBS after irradiation and only soluble in
certain organic solvents, such as hexafluoroisopropanol. In
order to prevent the interference of different solvents with
the antibacterial properties of AMPs, linear AMPs with good
solubility before and after irradiation in PBS were chosen for
further investigation.

Structural changes to antimicrobial peptides caused by
radiation sterilisation

Detailed information on the molecular structures and molecular
weights of the monomers and AMPs is shown in Figure 2. The
molecular weight of all AMPs ranged from 3500 to 4500, and
MALDI-TOF MS was selected as a convenient instrumental
method to determine the effect of radiation sterilisation on the
molecular structure. (Fourier transform infrared spectroscopy
and 'H-NMR could not detect the tiny changes before and
after sterilisation). Figures 3-5 show the molecular weights
of the linear AMPs before and after irradiation. Overall, the
shapes of the MS spectrum of all samples maintained good
consistency before and after irradiation. In the spectrum
of the homopolymer of Lys (Figure 3), molecular weight
intervals that corresponded to the molecular weight (128.2)
of Lys monomer appeared, besides the peaks representative
of [M+H]*, [M+Na]*, and [M+K]*. Similarly, in the AMPs
that copolymerised with Phe and Lys (Figure 4), a series of
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Table 1. Detailed molecular parameters of the antimicrobial peptides
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Arm  Designed Lys ActualLys Mn designed Mn determined b determined
Sample No. content (%) content®* (%) molecular weight (Da) molecular weight (Da)® molecular weight®
LP, 1 70 70.8 6219.9 6200 1.07
LP, 1 60 61.4 5976.6 6000 1.14
LP, 1 50 51.2 5733.2 5700 1.24
G,-P, 16 70 71 101155.6 111200 1.05
G,-P, 16 60 60 97262.3 97300 1.08
G,-P, 16 50 48.2 93369 93400 1.12
LV, 1 70 68.6 5787.5 5800 1.11
LV, 1 60 59.3 5400 5500 1.09
LV, 1 50 49 5012.5 5000 1.18
G-V, 16 70 72.3 94236.4 94300 1.02
G-V, 16 60 59.1 88036.7 88000 1.07
G-V, 16 50 50 81837 81900 1.14
LL,, 1 100 100 6949.9 6900 1.05
G-L, 16 100 100 112835.4 113000 113

“«.»

Note: “a” represents Lys contents calculated by 'H nuclear magnetic resonance spectroscopy. “b” represents the Mn and P determined

by gel permeation chromatography. P: polydispersity; Lys: L-lysine.
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Figure 2. Molecular structure and molecular weight information of all linear AMPs. AMP: antimicrobial peptide.
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Figure 3. The spectra of LL30 before (A) and after (B) irradiation under matrix-assisted laser desorption/ ionisation time

of flight (MALDI-TOF) mass spectrometry.
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Table 2. Solubility of the antimicrobial peptides before and after radiation sterilisation

Before radiation sterilisation

After radiation sterilisation

Sample PBS buffer PBS buffer PBS/AcOH HFP
LP, + + + +
LP, + + +

LP, + + + +
G,-P, + - + +
G,-P, + - - +
G,-P, + - - +
LV, + +
LV, + +
LV, + + + +
G,-V, + - - +
G,-V, + - - +
G,-V, + - - +
LL, + +

G,-L, + - + +

« « »

Note: “+” represents soluble, “~” represents insoluble, and “+” represents slightly soluble. AcOH: acetic acid; HFP: hexafluoroisopropanol;

PBS: phosphate-buffered saline.

molecular weight intervals of 147.2, 128.2, 19.0, 109.1 and
90.2 could be seen in the spectra, which corresponded to the
molecular weight of Phe monomer, Lys monomer and the
molecular weight differences of Phe-Lys, 2Phe-Lys and 3Phe-
2Lys (Figures 2 and 4). Also, for the copolymer products of
Val and Lys (Figure 5), molecular weight intervals of 147.2,
128.2, 29.1, 70.1 and 41.0 appeared, indicating the molecular
weights of Val monomer, Lys monomer, and the molecular
weight differences of Lys-Val, 2Val-Lys and 3Val-2Lys
(Figures 2 and 5).

Antibacterial performance of the antimicrobial
peptides before and after irradiation

As shown in Figures 6-8, the antibacterial effects of all samples
before and after irradiation against both Gram-positive S.
aureus and Gram-negative E. coli were analysed. The MIC
values are summarised in Table 3. The MIC of LV, against S.
aureus and the MIC of LV, against S. aureus and E. coli increased
by a factor of two after irradiation, showing a decrease in the
antibacterial activity of LV, and LV,. The MICs of all the other
irradiated AMPs remained the same as before irradiation.

Table 3. The minimum inhibitory concentrations (pg/mL) of antimicrobial peptides against S. aureus and E. coli before

and after irradiation

S. aureus E.coli
LL30
Before irradiation 16 16
After irradiation 16 16
LP,
Before irradiation 16 32
After irradiation 16 32
LP,
Before irradiation 16 32
After irradiation 16 32
LP,
Before irradiation 16 32
After irradiation 16 32
LV,
Before irradiation 16 8
After irradiation 16 8
LV,
Before irradiation 8 16
After irradiation 16 16
LV,
Before irradiation 16 32
After irradiation 32 64

Note: E. coli: Escherichia coli; S. aureus: Staphylococcus aureus.

Biomater Transl. 2023, 4(1), 51-61
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Figure 4. The spectra of LP ~LP, before (A1-C1) and after (A2-C2) irradiation under matrix-assisted laser desorption/

ionisation time of flight (MALDI-TOF) mass spectrometry.

Discussion

Structural changes of the antimicrobial peptides caused
by radiation sterilisation

The purpose of the sterilisation process is to obtain material
free from microorganisms. The ideal sterilisation process
requires fully killing any pathogenic bacteria carried by a
medical device. The instantaneity and high dose delivery
of a high-energy e-beam allow sterilisation of products in
hermetically-sealed packages. Meanwhile, the influence of
radiation on the degradation of polymers is one of the most
Unpredictable
degradation may affect their physicochemical properties, and

important concerns of scientific interest.

thus affect the efficacy and safety of treatment.* It has been
reported that ionising radiation may cause cross-linking or
chain-scission.?** % \When a cross-linking reaction occurs, the
molecular weight of the polymer increases. In contrast, when
the polymer undergoes a chain-scission process, the molecular
weight of the polymer decreases. Therefore, the structural
changes of the irradiated AMPs can be analysed by comparing
the molecular weights of the corresponding AMPs before and
after irradiation.

The process of radiation sterilisation had a negligible effect
on the molecular weight of most AMPs. Nevertheless, careful
comparison and analysis revealed a slight shift to lower

www.biomat-trans.com
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Figure 5. The spectra of LV -LV, before (A1-C1) and after (A2-C2) irradiation under matrix-assisted laser desorption/

ionisation time of flight (MALDI-TOF) mass spectrometry.

molecular weight in some samples. The phenomenon was
observed more obviously in the AMPs copolymerised from
higher proportions of cationic Lys, regardless of whether they
were copolymerised with either Phe or Val. For example, after
irradiation, the molecular weight portions of LP  (Figure

A) and LP, (Figure 4B) below 3000 g/mol were increased
compared with the corresponding spectra before irradiation,
indicating that molecular chains of the samples were partially
broken. Similar phenomena were also observed in LV,
(Figure 5A) and LV, (Figure 5B). However, the molecular
weights of the samples with lower Lys, LP, and LV, showed
no migration to low molecular weights. Some studies have
reported that aromatic materials offer more resistance to
radiation than aliphatic materials.*’ After being irradiated,

Biomater Transl. 2023, 4(1), 51-61

the conjugated structure of aromatic rings can transfer and
disperse the radiation energy by a delocalisation effect instead
of concentrating on a certain bond, and as a consequence, the
absorbed radiation energy will be converted into heat energy
for release. Therefore, the materials generally show better
radiation resistance when their main chain or side chain
contains aromatic rings.”’ Accordingly, the AMPs composed
of a higher proportion of Phe (LP,) in this study showed better
resistance to e-beam radiation than the AMPs with lower
proportions of Phe (LP, and LP)). However, these changes
were tiny, and the results of MALDI-TOF MS demonstrated
overall an insignificant influence of radiation sterilisation on
the structure of AMPs. However, the mechanism behind the
change of solubility of star-shaped AMPs was unclear.

57



Research Article

58

A 1o

64 pg/mL I 32 pg/mL
I 16 pg/mL I 8 pg/mL
4 pg/mL 2 pg/mL
I Control

S. aureus
0.8

0.6

LL,, LL,*+

0.4

OD at 600 nm

0.2

Oh 6h12h24h Oh 6h12h 24 hTime

Figure 6. The minimum inhibitory concentrations of LL,

aureus). (B) Escherichia coli (E. coli). OD: optical density.

I 64 pg/mL 32 pg/mL
I 16 pg/mL 8 pg/mL
I 4 pg/mL N2 pg/mL
[ Control

S. aureus
0.8

0.6

LP LP+
0.4

OD at 600 nm

0.2

o

Oh 6h12h24h Oh 6h12h24hTi

me

I 64 pg/mL I 32 pg/mL
I 16 pg/mL 8 pg/mL
B 4 pg/mL 2 pg/mL
I Control

S. aureus
0.8

0.6

LP LP+

0.4

OD at 600 nm

0.2

o

Oh 6h12h24h

I 64 pg/mL 32 ug/mL
Il 16 pg/mL I8 pg/mL
N 4 pg/mL M2 pg/mL
I Control

S. aureus
0.8

0.6

LP LP,+
04

OD at 600 nm

0.2

Oh 6h12h24h

B 0.8

0h 6h12h24 hTime

Oh 6h12h 24 hTime

Wang, X.; Yang, H,; et al.

I 128 pg/mL [ 64 pg/mL
I 32 pg/mL [ 16 pg/mL
8 ug/mL [ 4 pg/imL
I Control

E.coli

0.6

041 L, LL,*+

OD at 600 nm

0.2

Oh 6h12h24h Oh 6h12h 24 hTime

before and after irradiation. (A) Staphylococcus aureus (S.

0.8
I 128 pg/mL I64 ug/mL E.coli
32 pg/mL [ 16 pg/mL
s pg/mL 4 pg/mL
0.6 mcontrol
€
c
8
8 041 p, LP+
®
a
O 02
0
Oh 6h12h24h Oh 6h12h 24 hTime
0.8 -
I 128 pg/mL 64 pg/mL E.coli
I 32 ug/mL [l 16 pg/mL
B8 pg/mL 4 pug/mL
0.6 I Control
€
c
o
8 04 LP, LP+
®
a
O 02
0 !
Oh 6h12h24h 0Oh 6h12h 24 hTime
0.8
I 128 pg/mL. [ 64 pg/mL E.coli
I 32 pg/mL [ 16 pg/mL
B8 pg/mL M 4 pg/mL
0.6 m control
£
c
]
8 041 p LP+
©
[a]
O 02
Oh 6h12h24h 0Oh 6h12h 24 hTime

Figure 7. The minimum inhibitory concentrations of LP ~LP, (A-C) before and after irradiation. E. coli: Escherichia coli;

OD: optical density; S. aureus: Staphylococcus aureus.

Antibacterial property of antimicrobial peptides before
and after irradiation

The antibacterial activity of AMPs is closely related to their
architecture and monomer composition.“** In order to
explore universal laws governing the effect of radiation on
the AMPs, fourteen AMPs with different architectures and
varied monomer components were designed. As the star-
shaped AMPs were found to be insoluble in water after
radiation sterilisation, only the antibacterial properties of
linear AMPs were analysed. The results of MALDI-TOF MS
revealed that a high-energy e-beam caused the chain-scission
of the samples. Free radicals can also be evoked in the process
of chain-scission in an air atmosphere due to the presence
of oxygen during the radiation process.? *' Generally, decay
reactions of free radicals will happen rapidly within hours to
months, depending on the chemical structure of the samples,

the radiation dose and the storage environment.** In order
to eliminate the possible influence of free radicals, the samples
were characterised at 5 months after irradiation to ensure the
free radicals were fully consumed. From the results, MIC of
most AMPs (except for LV, and LV,) remained unchanged,
indicating negligible effects of radiation on the antibacterial
activity of those AMPs. Combined with the results of MALDI-
TOF MS, radiation sterilisation could be considered as a
feasible method to sterilise AMPs.

Conclusion

In conclusion, fourteen AMPs with different topologies
(linear and star-shaped) and varied monomer components
were designed and synthesised successfully. Commercial-
scale 10 MeV e-beam radiation was selected as a promising
sterilisation method for AMPs, and the AMPs were subjected
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Figure 8. The minimum inhibitory concentrations of LV -LV, (A-C) before and after irradiation. E. coli: Escherichia coli;

OD: optical density; S. aureus: Staphylococcus aureus.

to a dose of 25 kGy in order to explore the possible impact
of radiation on their structure and antibacterial properties. It
is worth mentioning that the water solubility of star-shaped
AMPs changed from soluble to insoluble after irradiation. As
for linear AMPs, the results of MALDI-TOF MS and MIC
assay suggested negligible effects of radiation on the structure
or antibacterial activity. Nevertheless, AMPs copolymerised
with a higher proportion of Phe exhibited better resistance to
radiation. In conclusion, radiation sterilisation is presented as
an attractive and effective sterilisation strategy for AMP-based
medical devices. However, there remain some problems that
need further exploration. For example, characterisation of the
structure and antibacterial properties of AMPs is relatively
simple, but electronic paramagnetic resonance spectroscopy
would be a more direct detection method for monitoring free
radicals. In addition, a maximum dose that ensures the safety
(biocompatibility) and performance (functionality) of the
product over its lifetime also needs to be established.
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