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In this report, antibacterial peptides1-3 were prepared with a spiropyran fluorescence probe. The probe
exhibits a change in fluorescence when isomerized from a colorless spiro-form (spiropyran, Sp) to a colored
open-form (merocyanine, Mc) under different chemical environments, which can be used to study the
mechanism of antimicrobial activity. Peptides 1-3 exhibit a marked decrease in antimicrobial activity with
increasing alkyl chain length. This is likely due to the Sp-Mc isomers in different polar environments
forming different aggregate sizes in TBS, as demonstrated by time-dependent dynamic light scattering
(DLS). Moreover, peptides 1-3 exhibited low cytotoxicity and hemolytic activity. These probe-modified
peptides may provide a novel approach to study the effect of structural changes on antibacterial activity, thus
facilitating the design of new antimicrobial agents to combat bacterial infection.

ver the past few decades, increasing effort has been made to identify unconventional antibiotics to

combat drug resistance. As a result, antimicrobial peptides (AMPs) have been extensively studied

because of their unique mechanism of antibacterial action'™*. AMPs, as important components of the
intrinsic defense system, display high activity and selectivity toward a wide variety of microorganisms®®.
However, the potential application of AMPs is hampered by several major drawbacks, such as low in vivo activity
and poor bioavailability, as well as relatively high production costs’.

Owing to these complications, a variety of synthetic antimicrobial peptides, as well as corresponding mimics,
have attracted considerable interest because of their potential to overcome the shortcomings inherent in naturally
occurring AMPs'**. In particular, lysine-rich antimicrobial mimics displaying rapid, non-hemolytic broad-
spectrum microbicidal properties have been prepared as a new class of antibacterial agents'>™'°. Although the
exact mechanism of action of AMPs is not fully understood, it is commonly acknowledged that the vast majority
of AMPs appear to act by permeabilizing the bacterial cell membrane, resulting in the disruption of bacterial
membrane integrity and bacterial death'">'°. As pioneered by Mor et al, it has been demonstrated that the
molecular structure of AMPs has a major impact on their antibacterial activity'”. There is still a need for the
synthesis of novel antibacterial peptides in order to study their mechanism of action and thereby improve their
pharmacological profile.

In recent years, molecular probes have been broadly applied in the tracking of biological species such as
DNA'*2!, polysaccharides®, cell surface proteins*~>*, enzymes® and even bacteria®. In this context, we planned
to prepare photochromic-probe-modified antibacterial peptides to investigate their antibacterial activity and
potential use in mechanism studies. The spiropyran compounds are excellent photochromic fluorophores and
have been widely used to build functional materials*~* and chemical sensors**~* based on the photo-reversible
isomerization between two thermodynamically stable states: a colorless spiro-form (spiropyran, Sp) and a colored
open-form (merocyanine, Mc). Therefore, we envisioned that the introduction of a spiropyran moiety into
peptides could be an efficient strategy to study the structure of antibacterial peptides by measuring the change
in fluorescence based on the isomerization of spiropyran units in different polar environments*’, which further
control AMP activity in time and space*’.

Herein, we designed and synthesized lysine-rich peptides 1-3 containing spiropyran moieties at both ends of
the peptides linked with alkyl chains of different lengths (Figure 1). Peptides 1-3 were synthesized using a
microwave-assisted solid-phase method. The antimicrobial activities of the conjugates toward Gram-positive
bacteria exhibited clear differences at physiological pH. With increasing alkyl chain length, these three conjugates
demonstrated different thermodynamically stable states (Mc and Sp) at physiological pH, and obviously different
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Figure 1| Molecular structures of peptides 1-3.

antimicrobial activities toward Gram-positive bacteria. Moreover,
scanning electron microscopy (SEM) and confocal laser-scanning
microscopy (CLSM) revealed that the bactericidal activity arose
mainly through the disruption of bacterial membrane integrity,
which is consistent with the common mechanism of action of anti-
microbial peptides. Furthermore, the low toxicity and hemolytic
activity of these peptides suggested the potential for use as antibiotics.

Results

UV-Vis absorption and fluorescence spectra were examined in Tris-
HCI buffer solutions at physiological pH*’, and the absorption
changes and corresponding fluorescence emission of the probes were
monitored in real time in darkness for ca. 8 h. At pH 7.4, peptides 1
and 2 exhibited similar optical properties, with a sharp absorption
band at 514 and 508 nm, respectively (Figure 2a-2b). These max-
imum absorption wavelengths represented the absorption of mero-
cyanine®, indicating that the spiropyran units of peptides 1 and 2
were mainly in the open form of Mc, which is regarded as the “on”
state of spiropyran. Moreover, the corresponding fluorescence peaks
of peptides 1 and 2 at 620 nm were markedly increased (Figure 2d
and 2e). In sharp contrast, peptide 3 did not exhibit an obvious
absorption band after being placed in darkness for ca. 8 h
(Figure 2c), suggesting a preference for the spiro-form (Sp), which
is the “off” state. Moreover, there was no obvious change in the
fluorescence of peptide 3 (Figure 2f). The different states of the pep-
tides in the Mc (“On”) and Sp (“Off”) forms demonstrated changes
in probe structure based on the polarity of the environment sur-
rounding the Sp groups®. For the proximal polarity of the Sp groups
in peptides 1-2 in TBS buffer, the Mc isomers tended to aggregate and
were driven by the attractive Mc-Mc interactions. In sharp contrast,
for the proximal non-polarity of the Sp groups in peptide 3 in TBS
buffer, the process of Mc-Sp ring closing was due to an increasingly
non-polar environment, in agreement with the HPLC analysis of
peptides 1-3 (Table S1-S3 in the Supporting Information)*’. To fur-
ther confirm the state in TBS solution, the particle size distributions
of peptides 1-3 were measured by time-dependent dynamic light
scattering (DLS) at 37°C. As shown in Figure 2g-2i and Figure S1,
peptides 1-3 formed aggregates of different sizes, with diameters as

n=9

follows: peptide 1, from 175.6 nm to 194.0 nm; peptide 2, from 249.5
to 266.4 nm; and peptide 3, from 267.4 to 310.6 nm. Interestingly,
over the entire 8 h period in the dark, the aggregate sizes were
obviously peptide 3 > peptide 2 > peptide 1, indicating that changes
in the Mc-Sp isomers could accompany changes in the polarity of the
environment at 37°C in TBS (pH 7.4)*>**. Therefore, different
isomers of the spiropyran units in peptides 1-3 could be used to
indicate structural differences between peptides 1-3, which may pro-
vide a new way to study the impact of structural differences on
antimicrobial activity.

To determine whether antibacterial activity is affected by the ag-
gregate sizes, we determined the antibacterial activities of peptides 1-
3 toward typical Gram-positive and Gram-negative bacteria. The
ICs values for each peptide (the minimum concentration that pro-
duced 50% inhibition of bacterial growth) are listed in Table 1.
Interestingly, both 1 and 2 showed antibacterial activity toward
Gram-positive bacteria, and 1 exhibited high bactericidal efficacy
against M. Iuteus and S. hominis, with ICs, values of 11.3 and
18.9 pg-mL™", respectively. Peptide 2 showed preferential inhibition
of M. luteus (ICsp 34.0 ng-mL™"), with lower antibacterial activity
toward Gram-positive bacteria than 1. However, peptide 3 showed
no activity against Gram-positive bacteria even at concentrations of
up to 256 png'mL™~". In contrast, 1 and 2 showed significant antibac-
terial activity at concentrations below 70.0 pg-mL™".

When assayed with the same types of Gram-positive bacteria, we
found that peptides 1-3 exhibited decreasing antibacterial activity
with increasing aggregate size. As shown in Figure 3, after treatment
with 1-2, the growth of Gram-positive bacteria was inhibited effi-
ciently by increasing peptide concentrations. In addition, 1 showed
better antibacterial activity than 2. However, there was no obvious
inhibition for bacterial growth with treatment using 3. As we demon-
strated, the spiropyran groups in 1 and 2 are mainly in the “on” state
(Mc), whereas in 3, the “off” state (Sp) was found at physiological
pH. This finding indicates that the antibacterial activity of the cat-
ionic peptide can be modulated by the aggregate size. In other words,
peptides showed strong antibacterial activity when they formed
small aggregates in TBS, with diameters from 175.6 to 266.4 nm,
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Figure 2 | Time-dependent absorption and fluorescence emission spectra. Peptide 1 a) and d); 2 b) and e); 3 ¢) and ) (50 uM) in TBS (pH 7.4, 50 mM Tris,
50 mM NaCl, 20°C) in darkness for ca. 8 h. Each sample was exposed to visible light for 10 min before the assay to convert the Sp fluorophores into the
closed form, and the absorption was then recorded as a function of time for ca. 8 h in darkness. Time-dependent DLS profiles showing distributions of
hydrodynamic diameters (DH (nm)) for g) peptide 1, h) peptide 2 and i) peptide 3 for 0 h, 4 h, and 8 h in TBS (pH 7.4, 50 mM Tris, 50 mM NaCl, 37°C).

but exhibited low activity when they formed large aggregates, with
diameters from 267.4 to 310.6 nm at 37°C (Figure 2g-2i). These
results, however, demonstrated that the impact of structural changes
on the antibacterial activities of 1-3 can be directly monitored by the
change in Mc-Sp isomers in different microenvironments.

In addition, the growth of Gram-positive bacteria (M. luteus and S.
hominis) was efficiently inhibited by increasing concentrations of
peptides 1-2, whereas the growth of Gram-negative bacteria was

Table 1 | The ICsp values of peptides 1-3 toward Gram-positive/
Gram-negative bacteria
Peptide 1 Peptide 2 Peptide 3
Bacteria ICso/ug -mL™"  ICs0/pg'mL™"  1Cs0/pg-mL™"
S. aureus (+) 56.9 69.3 >256
M. luteus (+) 11.3 34.0 >256
S. haemolyticus (+) 34.1 >128 >256
S. hominis (+) 18.9 63.6 >256
E. coli () 61.6 107.3 >256
K. pneumoniae (—) >256 >256 >256
P. aeruginosa (—) >256 >256 >256
C. freundii (—) >256 >256 >256
[a] (+),(~) represent Gram-positive and Gram-negative bacteria, respectively.

not inhibited (Table 1 and Figure 4). Although the exact mechanism
of antibacterial action remains to be understood, it seems that the
bactericidal activities of AMPs are due to their ability to penetrate
and disrupt the integrity of the plasma membrane*. Generally,
Gram-positive bacteria have a simpler cell wall than Gram-negative
bacteria, and the major constituent is peptidoglycan, a polysacchar-
ide. In contrast, Gram-negative bacteria have an additional outer
bilayer membrane composed of lipopolysaccharides and phospholi-
pids*. Therefore, it is difficult for positively charged peptide/amphi-
philes to penetrate the membrane of Gram-negative bacteria,
resulting in relatively low antibacterial activity. These results were
further confirmed by scanning electron microscopy (SEM) of the
membrane structure (Figure 5). After treatment with peptides 1-3
for 12 h, the membrane structure of M. luteus exhibited obvious
changes. The integrity of the plasma membrane was thoroughly dis-
rupted by peptide 1 (Figure 5a), and the membrane structure col-
lapsed after treatment with peptide 2 (Figure 5b). However, the
membrane remained intact after incubation with peptide 3
(Figure 5c). Confocal laser-scanning microscopy (CLSM) was also
performed to investigate the antibacterial activity of peptides 1-3
against M. luteus. We observed that peptides 1-2 effectively bound
to M. luteus (Figure 5d and 5e), whereas almost no binding was
observed with peptide 3 (Figure 5f). The overlay images clearly dem-
onstrate that peptides 1-2 destroyed the membrane of M. luteus,
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Figure 3| Antibacterial activities of peptides 1-3 against Gram-positive (G*) bacteria: (a) M. luteus; (b) S. hominis; (c) S. haemolyticus; (d) S. aureus.

whereas peptide 3 did not (Figure 5g-5i). Thus, these results suggest
that the bactericidal activity was largely due to the structural disrup-
tion of the membrane, which is in accordance with the commonly
accepted mechanism of action of AMPs*.
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The antibacterial activities of peptides 1-3 toward Gram-positive
and Gram-negative bacteria on nutrient broth medium agar plates
were also investigated. As shown in Figure 6, P. aeruginosa grew well
in nutrient broth medium, whereas the growth of M. luteus was
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Figure 4 | Antibacterial activity of (a) 1 and (b) 2 against Gram-positive (G") bacteria (M. luteus; S. hominis) and Gram-negative (G~) bacteria

(K. pneumoniae, P. aeruginosa).
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Figure 5| Scanning electron microscopy (SEM) images of M. luteus: (a—c) after treatment with peptides 1, 2 and 3 (64 pg'mL™") for 12 h; confocal
laser-scanning microscopy (CLSM) images of M. luteus: (d—f) after treatment with peptides 1, 2 and 3 (64 pg'mL") for 12 h (fluorescence field); (g—i)
overlap of fluorescence and bright-field images after treatment with peptides 1, 2 and 3 (excitation: 488 nm; emission: 570-620 nm).

efficiently inhibited by peptides 1 and 2. Moreover, peptides 1 and 2
displayed higher antibacterial activity against M. luteus than did
peptide 3. These results are consistent with the IC5, measurements.

The cytotoxicity and hemolytic activity of peptides 1-3 were then
determined. The cellular toxicity of peptides 1, 2 and 3 toward HeLa
cells was measured by the standard 3-(4, 5-dimethyl-2-thiazolyl)-2,
5-diphenyltetrazolium bromide (MTT) assay. As shown in Figure 7a,
at concentrations ranging from 0 to 40 pg mL™", cell viability was
estimated to remain as high as 80% after incubation for 24 h. Even at
concentrations up to 60 pg-mL™", cell viability was still nearly 60%,
suggesting low cytotoxicity of peptides 1-3 over a concentration
range from 0 to 60 pg'mL™". The hemolysis test indicated that

Control

Peptide 1

peptides 1-3 had a low hemolytic activity toward erythrocytes below
the ICs, (Figure 7b). At a concentration range from 0 to
100 pg-mL™", peptides 1-3 demonstrated a hemolytic effect at a level
below 10%, and peptides 1 and 2 had lower hemolytic activity than
peptide 3. These data indicate that peptides 1-3 are biocompatible.

Discussion

In summary, lysine-rich cationic peptides 1-3, containing a spiro-
pyran moiety linked to alkyl chains of different lengths were synthe-
sized, and their antibacterial activities were studied by monitoring
structural isomerization of the spiropyran group in different micro-
environments. We demonstrated that probes 1-3 can be used to

Peptide 2 Peptide 3

Figure 6 | Antibacterial activity of peptides 1-3 toward P. aeruginosa (G~) and M. luteus (G*) on nutrient broth medium agar.
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Figure 7| (a) Cell viability (%) of HeLa cells after incubation with different concentrations of peptides 1, 2 and 3 for 24 h; (b) Hemolytic activity of

peptides 1, 2 and 3 at different concentrations.

monitor the change in Mc-Sp isomers at physiological pH from
time-dependent absorption and fluorescence emission spectra. In
addition, the aggregation states of probes 1-3 were investigated by
time-dependent DLS, and the results showed that 1-3 formed differ-
ent-sized aggregates (peptide 3 > peptide 2 > peptide 1), leading to
decreased antibacterial activity. Furthermore, the low cytotoxicity
and hemolytic effects of peptides 1-3 indicate good biocompatibility.
These probe-modified peptides may provide an opportunity to study
the effects of structural changes on antibacterial activity, aiding in the
design of new antimicrobial agents to combat bacterial infections.

Methods

UV-Vis absorption study. The UV-Vis and fluorescence spectra were recorded at
20°C on a Varian Cary 100 Conc UV-Visible Spectrometer and a Varian Cary Eclipse
Fluorescence Spectrometer, respectively. The samples were excited at the wavelength
appropriate for the fluorescent peptides. The slit widths were set to 10 nm for
excitation and emission. The data points were collected at 1-nm increments with a
0.1 s integration period. All spectra were corrected for intensity using the
manufacturer-supplied correction factors and corrected for background fluorescence
and absorption by subtracting a blank scan of the buffer system. The UV-Vis
absorption and fluorescence spectroscopy were studied in Tris-HCI buffer solutions
(TBS) at pH 7.4. Each sample was treated with visible light for 10 min prior to
measuring to ensure the SP fluorophores were in the closed-form, and corresponding
absorption and fluorescence emission measurements were then recorded as a
function of time for 8 h in darkness without UV light.

Time-dependent dynamic light scattering (DLS) assay. All DLS experiments were
performed on a Malvern Instruments Zetasizer Nano ZS at 37°C, and the starting
solutions were filtered prior to use. Samples of peptides 1-3 were prepared in TBS (pH
7.4,50 mM Tris, 50 mM NaCl) in a total sample volume of 1.0 mL. Each sample was
exposed to visible light for 10 min before measurement to ensure the SP fluorophores
were in the closed form, and the corresponding DLS measurements were then
recorded as a function of time for 0 h, 4 h, and 8 h in darkness without UV-Vis light.

Antibacterial activity assay. All bacteria were obtained from the College of Public
Health of Nantong University, China. Four Gram-positive bacteria (Staphylococcus
aureus ATCC-25923, Micrococcus luteus ATCC-4698, Staphylococcus hominis
ATCC-27844, and Staphylococcus haemolyticus, ATCC-29970) and four Gram-
negative bacteria (Escherichia coli ATCC-25922, Klebsiella pneumoniae ATCC-
700603, Pseudomonas aeruginosa ATCC-27853, and Citrobacter freundii ATCC-
13316) were used in this assay. A representative colony was lifted off with a wire loop
and placed in 5 mL of nutrient broth medium, which was then incubated with
shaking at 37°C for 5 h. Then, 1 X 10° cells/mL were suspended in nutrient broth
medium to generate the working suspension. Different concentrations of peptides
were prepared in a 96-well plate using nutrient broth medium, and each well
contained 100 pL compound solutions. A 100-uL cell working suspension was then
added to each well. The plate was incubated at 37°C for 24 h, and the optical density
(OD) of each well was then measured at 600 nm after gently shaking the plate for 10 s
using a Hybrid Multi-Mode Microplate reader (BioTek, Synergy H4). Wells
containing medium only (blank) and wells containing cells in medium without
peptides (positive control) were included on the same plate. The percentage of cell
growth in each well was calculated as follows: Bacteria Growth (%) = [(AP - AB)/(AC
- AB)] X 100), where AP is the mean absorbance value for a known peptide
concentration, AC is the mean absorbance value for the positive control and AB is the

mean absorbance value for blank. The resultant values were then plotted as a function
of the peptide concentration to generate dose-response curves of antibacterial activity
for each peptide. The ICs is the minimum concentration that produces 50%
inhibition of bacterial growth.

Scanning electron microscopy (SEM). Bacterial cells (Micrococcus luteus) were
inoculated and cultured in nutrient broth medium with shaking at 37°C for
approximately 5 h and suspended in nutrient broth medium at a density of 1 X

10° cells/mL for use. Then, peptides 1-3 were incubated with bacteria at 37°Cfor 12 h
in nutrient broth medium at a concentration of 64 pg/mlL; the control group
contained bacteria only. After incubation, the samples were centrifuged at 7,500 rpm
for 5 min, and the supernatant was removed. The bacteria were washed three times
with PBS, suspended in pure water, placed (10 pL) onto the mica plate, and dried at
room temperature. The SEM images were recorded with NOVA Nano SEM 450
equipment.

Confocal laser-scanning microscopy (CLSM). Bacterial cells (M. luteus) were
inoculated and cultured in nutrient broth medium with shaking at 37°C for 5 h and
suspended in nutrient broth medium at a density of 1 X 10° cells/mL for use. Then,
peptides 1-3 were incubated with bacteria at 37°C for 12 h in nutrient broth medium
at a concentration of 64 pg/mL; the control group contained bacteria only. After
incubation, the cells were centrifuged at 7,500 rpm for 7 min, and the supernatant
was removed. The bacteria were washed three times with PBS, suspended in pure
water, placed (2 puL) onto the microscope slide, and dried at room temperature.
CLSM images were obtained using a Nikon AIR confocal laser-scanning microscope
equipped with a 100x oil-immersion objective lens. Excitation was performed at
488 nm, and emission was measured at 570-620 nm.

Antibacterial activity assay on nutrient broth medium agar plate. Nutrient broth
medium agar was sterilized at 121°C for 15 min and kept at 45-50°C in a thermostat
water bath before use. Bacterial cells (Micrococcus luteus and Pseudomonas
aeruginosa) were inoculated and cultured in nutrient broth medium with shaking at
37°C for approximately 5 h and suspended in nutrient broth medium at 1 X 10° cells/
mL. The peptides were added to the sterilized nutrient broth medium agar at a final
concentration of 64 pg/mL and 128 pg/mL. Micrococcus luteus and Pseudomonas
aeruginosa were added onto the peptide-containing agar plates and cultured for 24 h
at 37°C.

Cytotoxicity assay. All cell lines were purchased from Shanghai Bogoo Biotech Co.,
Ltd., China. Cytotoxicity was measured using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay in HeLa cells. Cells growing in log phase
were seeded onto a 96-well cell-culture plate at 1 X 10°/well. The cells were incubated
for 24 h at 37°C under 5% CO,. A solution of peptides 1-3 (100.0 puL/well) at
concentrations of 2, 4, 8, 16, 32, 64 pg/mL in DMEM was added to the wells of the
treatment group, whereas for the negative control group, 100.0 pL of DMEM alone
was added. The cells were incubated for 24 h at 37°C under 5% CQO,. After removal of
the medium, a solution of 0.5 mg/mL MTT (100 uL/well) was added to the plates for
an additional 4 h of incubation, allowing viable cells to reduce the yellow tetrazolium
salt (MTT) into dark-blue formazan crystals. After removal of the medium, formazan
extraction was performed with 100 nL DMSO, and the amount of formazan was
determined colorimetrically using a plate reader (BioTek, Synergy H4), which was
used to measure the OD 490 nm (Absorbance value). The following formula was used
to calculate cell viability: Viability (%) = (mean Absorbance value of treatment
group/mean Absorbance value of control) X 100.

Hemolysis assay. Fresh human blood (1 mL) was provided by a healthy donor (age
45, Female) from a clinical laboratory at an affiliated hospital of Nantong University,
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China. This protocol was approved by the ethics committee of the affiliated hospital of
Nantong University in accordance with the guidelines for the care and use of
laboratory clinical blood samples. Centrifugation was carried out at 3,700 rpm for
5 min to separate the erythrocytes. The separated erythrocytes were washed thrice
with TBS (10 mM Tris, 150 mM NaCl, pH 7.2) before dilution to a final
concentration of 2% (v/v). The erythrocyte suspension (200 pL) was added to the
peptides (200 pL) ranging in concentration from 6.25 to 100 pg/mL in centrifuge
tubes and incubated at 37°C for 1 h. After incubation, the tubes were centrifuged at
3,700 rpm for 5 min, and the supernatant (100 pL) was added to the wells of a 96-well
microplate. The absorbance of the solution at 540 nm was read on a Microplate
reader. The positive control consisted of 0.1% Triton X-100, and Tris buffer served as
the negative control. The following formula was used to calculate the percentage of
hemolysis: Hemolysis (%) = [(Ap — Ag)/(Ac - Ap)] X 100, where Ap is the
absorbance value for a known peptide concentration, Ac is the absorbance value for
the Triton X-100 positive control and Ag is the absorbance value for Tris buffer.
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