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ntimicrobial peptide fibrils with
feedback degradation of bacterial-secreted
enzymes†

Fenghua Wang,‡ab Wencheng Xia,‡c Mingming Zhang,c Rongrong Wu,a Xiaolu Song,a

Yun Hao,a Yonghai Feng,a Liwei Zhang,a Dan Li,de Wenyan Kang,fg Cong Liu *cgh

and Lei Liu *a

Proteins and peptides can assemble into functional amyloid fibrils with distinct architectures. These amyloid

fibrils can fulfil various biological functions in living organisms, and then be degraded. By incorporating an

amyloidogenic segment and enzyme-cleavage segment together, we designed a peptide (enzyme-

cleavage amyloid peptides (EAP))-based functional fibril which could be degraded specifically by

gelatinase. To gain molecular insights into the assembly and degradation of EAP fibrils, we determined

the atomic structure of the EAP fibril using cryo-electron microscopy. The amyloidogenic segment of

EAP adopted a b-strand conformation and mediated EAP-fibril formation mainly via steric zipper-like

interactions. The enzyme-cleavage segment was partially involved in self-assembly, but also exhibited

high flexibility in the fibril structure, with accessibility to gelatinase binding and degradation. Moreover,

we applied the EAP fibril as a tunable scaffold for developing degradable self-assembled antimicrobial

fibrils (SANs) by integrating melittin and EAP together. SANs exhibited superior activity for killing bacteria,

and significantly improved the stability and biocompatibility of melittin. SANs were eliminated

automatically by the gelatinase secreted from targeted bacteria. Our work provides a new strategy for

rational design of functional fibrils with a feedback regulatory loop for optimizing the biocompatibility

and biosafety of designed fibrils. Our work may aid further developments of “smart” peptide-based

biomaterials for biomedical applications.
aterials Science and Engineering, Jiangsu

na. E-mail: liul@ujs.edu.cn

gsu Aviation Vocational and Technical

gy and Chemistry, Shanghai Institute of

iences, Shanghai 201210, China. E-mail:

the Genetics of Developmental and

ucation), Shanghai Jiao Tong University,

hanghai Jiao Tong University, Shanghai

eurology, Ruijin Hospital, Shanghai Jiao

ai 200025, China

Hospital, Shanghai Jiao Tong University

), Hainan, 571434, China

Natural Products Chemistry, Shanghai

ity of Chinese Academy of Sciences,

tion (ESI) available. See DOI:

0924
Introduction

The rational design and construction of peptide-based mate-
rials with a precise build-up manner and controllable degra-
dation aer use is attractive, but is highly challenging.
Previously, peptide-based controllable “smart” bionanomate-
rials were mainly designed to stimulate peptide precursor
molecules to self-assemble in situ and in vivo in response to
different endogenous trigger factors (e.g., enzymes,1–3 pH,4–7

reactive oxygen species,8 others.9–12). These peptide-based smart
materials could be applied to drug delivery for therapy against
tumors and infections, and exhibited an assembly-induced
retention (AIR) effect,13,14 targeted enhancement effect,15–17

multivalent bond effect,18,19 and membrane perturbation.20 In
addition, the in situ self-sorting assembly system of smart
responsive peptides could be constructed to target different
organelles and achieve cooperative regulation of different bio-
logical processes, such as effective killing of tumor cells through
the coordinated regulation of organelle dysfunction.21

In contrast to intensive studies on developing controllable
self-assembly of peptides as functional nanomaterials, the
design of peptide-based nanomaterial in a controlled degrada-
tion manner has not been explored well and widely. Automatic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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degradation of bio-nanomaterials aer use is important due to
their potential cytotoxicity, including the metabolic risk of nano
drugs in vivo,22,23 and the toxicity of nano aggregates.24–28

Remarkably, cells employ a complicated and precise “quality
control” system to remove excessive and misfolded proteins/
protein assemblies to maintain protein homeostasis aer
completion of the tasks of such proteins.29–32 This phenomenon
inspired us to propose a strategy for developing degradable
peptide-based materials in response to different factors (e.g.,
enzymes) in a controllable manner. To achieve this aim, two
major points must be considered: self-assembly of functional
peptides and selective degradation by enzymes. Accordingly, the
sequences of peptide self-assemblies and enzymatic cleavage
are required for peptide design. Previous efforts in the design of
degradable peptides focused on hydrogel formation.33–35

However, a smarter and rational design showing a clear mech-
anism of self-assembly and degradation in a controllable
manner would be preferable.

In this work, we sought to achieve a rational design and
build-up peptide-based brils with controllable degradation
using enzymes. By examining different peptide sequences, we
identied enzyme-cleavage amyloid peptide-2 (EAP2). EAP2
could self-assemble into a well-ordered, twisted brillar struc-
ture and could be degraded effectively in a controllable manner
by gelatinase. Cryo-emission microscopy (cryo-EM) was used to
determine the atomic structure of these well-ordered twisted
brils, revealing that the enzymatic-cleavage sequence was
accessible to the enzyme for cleavage in the bril structure.
Based on this constructed smart system, we built a smart anti-
microbial nanomaterial by integrating the antibacterial peptide
melittin at the C-terminus of EAP2. The designed peptide-based
bril could kill bacteria efficiently. More importantly, the
designed bril could be degraded automatically by the gelati-
nase secreted from bacteria to abolish antimicrobial activity
when bacteria had been killed completely, which could further
reduce the potential toxicity of nanomaterials. Engineering
peptide brils with feedback on degradation of a secreted
enzyme is extremely important for: (i) mimicking an existing
biosystem; (ii) the development of functional peptide-based
smart materials with various applications (e.g., drug delivery
and novel biosensors for specic enzymes).

Results and discussion
Peptide design and characterization of peptide self-assembly

By analyzing the amyloidogenic peptides reported previously to
exhibit a strong capability to form brils, we identied an
amyloidogenic segment (GLMVGGVVIA) (termed “AP”) which is
highly prone to assemble into nanostructures with a b-sheet-
rich conformation but also contains a homology sequence of
the gelatinase-cleavage segment (PLGVRG).36–39 Based on the AP
sequence, we designed three additional enzymatic-cleaved
amyloid peptides (EAPs): EAP1 (GPLGMRGGVVIA), EAP2
(GPLGMLGGVVIA) and EAP3 (GPLGVLGGVVIA). This was ach-
ieved by considering the homology between the enzymatic-
cleavage sequence (cleavage site indicated by a red line) and
the amyloidogenic segment (GVVIA) (Fig. 1A and S1†).
© 2023 The Author(s). Published by the Royal Society of Chemistry
We synthesized and examined the self-assembly of EAP1,
EAP2, EAP3 and AP. AFM and TEM revealed that only AP and
EAP2 could form brils spontaneously aer 24 h of incubation.
EAP2 brils had a height of 12.3 ± 1.1 nm and width of 11.5 ±

6.9 nm. AP brils had a height of 3.9 ± 1.7 nm and diameter of
20.5 ± 4.0 nm (Fig. 1B and Table S1,† AP-Tris). EAP1 and EAP3
could not assemble into brils under test conditions (Fig. S2†).
The thioavin T (ThT) assay and Fourier transform infrared (FT-
IR) spectroscopy showed that AP and EAP2 adopted a typical b-
strand secondary structure (Fig. 1C and D) in bril samples,
represented by a classical emission peak at 495 nm and typical
stretching vibration peaks at 1620–1640 cm−1. EAP1 and EAP3
featured a random-coil secondary structure with low emission
at 495 nm and vibration peaks at 1640–1650 cm−1. Molecular
dynamics (MD) simulations were used to investigate the
conformation of the four designed peptides (AP, EAP1–EAP3) in
solution. Interestingly, EAP2 and AP were prone to assemble
into homo-dimers in water during the 100 ns simulation, with
a mean interaction energy of −168.75 kJ mol−1 and
−105.63 kJ mol−1, respectively. The interaction energy of EAP1
and EAP3 was much lower (Fig. 1G and S3†). Furthermore, we
analyzed the binding free energy computed from the potential
of mean force (PMF) using umbrella sampling methods. AP and
EAP2 could form stable dimers and the binding energy (DG)
between the stable dimers was −14.76 kcal mol−1 and
−7.67 kcal mol−1, respectively. The DG of EAP1 and EAP3 was
−0.41 kcal mol−1 and −4.69 kcal mol−1, respectively (Fig. 1H
and S3†). Taken together, our results showed that EAP2 and AP
tended to self-assemble into brils in solution.
Gelatinase-mediated degradation of EAP2 brils

Next, we sought to investigate the enzyme-mediated degrada-
tion behavior of the brils formed by EAP2 and AP. Strikingly,
we found that the self-assembled brils of EAP2 can be
degraded effectively upon adding gelatinase (Fig. 1B, EAP2-GE)
according to TEM and ThT measurement. AP brils were rarely
degraded by gelatinase under the same condition. EAP2 brils
could be degraded completely in 24 h with minimal ThT uo-
rescence intensity which was at the same level as EAP1 or EAP3
(Fig. 1E). The gelatinase cleavage site on EAP2 samples were
measured further using LC-MS (Fig. S4†). EAP2 (10 mg mL−1)
was degraded into shorter peptide fragments when cleaved
from -L3-G4-, -G4-M5-, and -L6-G7- to -G7-G8- using gelatinase (2
U) for 12 h (details are shown in the ESI†).

Circular dichroism (CD) spectroscopy further validated the
secondary-structure changes of peptides in self-assembled and
degraded states. Samples of AP and EAP2 brils displayed
a typical b-strand secondary structure. Aer 24 h treatment in
gelatinase solution, the EAP2 mixture featured a random-coil
structure (positive peak at 192 nm, negative peak at 202 nm).
AP retained a b-strand conformation under the same condition.
As controls, EAP1 and EAP3 featured a random-coil conforma-
tion in solution (Fig. 1F). To further examine whether the
enzyme-mediated degradation of EAP2 was specic to gelati-
nase as designed, we used other two proteases (trypsin and a-
chymotrypsin) to treat EAP2 brils. Notably, EAP2 brils
Chem. Sci., 2023, 14, 10914–10924 | 10915
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Fig. 1 Design of a gelatinase-responsive peptide sequence (EAP1–EAP3) using amyloidogenic peptide (AP) as a reference peptide (schematic)
(A). (B) AFM and TEM images of AP and EAP2 self-assembled fibrils in Tris buffer and degradation of fibrils in gelatinase buffer for 24 h. (C and D)
ThT fluorescence analysis and characterization by FT-IR spectroscopy of the secondary structures of AP and EAP1–EAP3 in test samples. (E and F)
ThT fluorescence assay and CD spectra of the secondary structure of AP and EAP1–EAP3 in Tris buffer and gelatinase solution, respectively. (G
and H) Molecular dynamics simulation of the interaction energy and potential of mean force (PMF) of dimers of AP and EAP1–EAP3, with typical
conformations of the four dimers.
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remained intact aer treatment by these two proteases for 24 h
(Fig. S5†). In general, our results demonstrated that EAP2 could
self-assemble into brils that could be further degraded
specically by gelatinase.

Moreover, liquid-phase AFM was used to visualize, in situ,
the gelatinase-mediated degradation of EAP2 brils in real time.
We selected several EAP2 brils on the surface and monitored
Fig. 2 Characterization of the degradation of EAP2 fibrils in gelatinase s
length of fibrils with time (B and C). (D) In situ liquid-phase AFM for mon

10916 | Chem. Sci., 2023, 14, 10914–10924
the degradation by three parallel tests (Fig. 2A). Interestingly,
the number of EAP2 brils decreased markedly accompanied by
an obviously shortened length of brils within 0.5 h treatment
in all three tests. The coverage of brils in the observation
window decreased from 19.88% to 0.56% within 2.5 h, and
brils disappeared completely within 3 h (Fig. 2B). The decrease
in bril length and incubation time had a linear relationship
olution by liquid-phase AFM (A) and changes in the coverage rate and
itoring the degradation of EAP2 fibrils in gelatinase solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 2C). For EAP2, degradation was from the two open ends of
the bril (blue dotted box marks in Fig. 2A). In some cases, the
disintegration and cleavage sites were observed in the middle of
the bril. These results conrm that the self-assembled brils
of EAP2 could be degraded by gelatinase in a controllable
manner (Fig. 2D).
Cryo-EM structures of the EAP2 bril

To further explore the structural basis of the self-assembly of
EAP2 into degradable brils, we carried out cryo-EM to deter-
mine the atomic structure of EAP2 brils. A sample of a EAP2
bril was xed on a carbon grid and frozen in liquid ethane.
Then, cryo-EM data were collected using a direct detector
(BioContinuum K3) on a cryo-transmission electron microscope
(Titan Krios G4). We selected 58 888 brils derived from 4117
micrographs for the two-dimensional (2D) and 3D reconstruc-
tion of the EAP2 bril (Fig. S3A and B†). Intriguingly, 2D clas-
sication revealed two major polymorphs of brils with a 980-
pixel box size, which we termed EAP2 polymorph 1 (EAP2-P1)
and EAP2 polymorph 2 (EAP2-P2). The proportion of EAP2-P1
and EAP2-P2 was ∼80.6%, and ∼10.2%, respectively.

Next, we reconstructed 3D density maps for the two poly-
morphs of the EAP2 bril. The overall resolution of the density
map for EAP2-P1 and EAP2-P2 was 2.4 Å and 2.6 Å, respectively
(Fig. S6†). The EAP2-P1 featured a half pitch (one pitch repre-
sents a length of a 360° helical turn of the entire bril) of 94 nm,
a helical rise of 2.41 Å, and a helical twist of 179.54° (Fig. 3C).
Similar to EAP2-P1, EAP2-P2 displayed a half pitch of 96 nm,
a helical rise of 2.40 Å, and a twist of 179.55° (Fig. 3D). More-
over, both polymorphs shared the same le-handed twist and
a pseudo-21 helical-screw symmetry (Fig. S3C and D†). The copy
member, conformation, and spatial arrangement of EAP2
subunits in the two polymorphs were very different from each
other. For each layer (cross-section) perpendicular to the bril
axis, EAP2-P1 consisted of 26 subunits of peptides, whereas
EAP2-P2 contained 34 subunits of peptides (Fig. S3E, F and S7†).

For EAP2-P1, peptides adopted three structural conforma-
tions, termed as subtype 1, 2, and 3 (Fig. 4A). Notably, the
amyloidogenic segment –GVVIA and gelatinase-cleavage
segment –LGML were directly involved in formation of the
three subtypes in bril spines. However, GVVIA displayed a b-
strand conformation in all three subtypes, whereas LGML
adopted a typical b-strand conformation only in subtype 1.
Moreover, the N-terminal residues Gly, Pro, and Leu of EAP2
were highly exible and were absent in the cryo-EM structure of
subtype 2 and subtype 3. This nding strongly suggested that
the two segments had distinct roles in the bril formation of
EAP2-P1. The three subtypes of the EAP2 monomer further
assembled into three types of multimers: dimer 1 formed by
subtype 1 and 2 of EAP2 monomers; dimer 2 formed by subtype
1 and 3 of EAP2 monomers; trimer 1 formed by three subtypes
of EAP2 monomers (Fig. 4C).

The interfaces of these three multimers were mainly formed
by hydrophobic interaction by residues Pro2, Met5, Leu6, Val9,
and Val10 (Fig. 4C). As shown in Fig. 4E, eight copies of dimer 1,
two copies of dimer 2, and two copies of trimer 1 jointly packed
© 2023 The Author(s). Published by the Royal Society of Chemistry
into the mature bril spine with a two-fold symmetry in the
center of the bril structure. In addition, 10 water molecules
were present within the interfaces of the adjacent dimer 1
(Fig. 4E). The interface between dimer 1 and dimer 1, dimer 1
and dimer 2, and dimer 1 and trimer 1 in the bril spine
structure was mainly formed by hydrophobic interaction
(Fig. 4I). Notably, the major hydrophobic interface of the bril
spine was formed by the homotopical steric zipper of GVVIA
segments of two neighboring molecules. The steric zipper
structure recapitulated that in the full-length Ab42 bril-core
structure (Fig. S8†). Importantly, the enzymatic cleavage sites
of 14 copies out of 26 copies of EAP2 subunits were localized on
the outer surface of the bril spine with a highly exible N-
terminus anking outside of the bril, which was highly
accessible for enzyme binding and cleavage on the EAP2 bril
(Fig. 4F).

With respect to the second polymorphic structure of the
EAP2 bril, EAP2-P2 contained four subtypes of the EAP2
monomer: subtypes 1–3 (which were highly similar to that of
EAP2-P1) and subtype 4 (Fig. 4B). In the structure of subtype 4,
the GPLGMLGGVVIA segment adopted a similar conformation
to that of subtype 3, whereas the N-terminal residues Leu3,
Gly4, Met5, and Leu6 formed an additional b-turn structure.
The four subtypes assemble into three types of multimers:
dimer 2 and dimer 3 (which were observed in EAP2-P1) and
trimer 2. The latter was formed by subtypes 1, 2, and 4 via
hydrophobic interaction (Fig. 4D). Moreover, three multimers
(four copies of dimer 2, 10 copies of dimer 3, and two copies of
trimer 2) packed into the bril spin of EAP2-P2 (Fig. 4G). The
detailed hydrophobic interactions of the interfaces of different
multimers are shown in Fig. 4J. Twenty-four water molecules
were found within the bril spine (Fig. 4G). Moreover, the
gelatinase cleavage sites of the 10 copies of the EAP2 monomer
were distributed evenly on the surface of the EAP2-P2 bril
spine and accessible for enzyme binding (Fig. 4H).

Taken together, the cryo-EM study revealed that the EAP2
subunit could adopt several conformations which further
assembled into two architectures of a bril spine. Amyloido-
genic and gelatinase cleavage-segments were involved in
formation of the bril core. Importantly, the amyloidogenic
segment GVVIA mainly adopted a b-conformation in different
subtypes and played a key part in mediating inter-subunit
assembly of EAP2 via hydrophobic interaction. Gelatinase-
cleavage segments were more exible with distinct conforma-
tions in different subtypes, and were partially distributed on the
outer surface of bril spines. This structural arrangement made
it highly accessible for gelatinase binding and degradation. This
was especially true for the two open ends of the EAP2 bril,
where gelatinase could approach the enzyme cleavage-segment
without steric hindrance from the neighboring segments
packed in the bril. Thus, the cryo-EM structure provided
a molecular basis for EAP2 packing within brils as well as its
binding and degradation by gelatinase. Furthermore, cryo-EM
updated information on the multistage process of peptide
self-assembly.40 Structural characteristics at high resolution
were revealed. In addition, the roles of the amyloidogenic
Chem. Sci., 2023, 14, 10914–10924 | 10917
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Fig. 3 Structures of EAP2 fibril according to cryo-EM. (A and B) 2D and 3D structural reconstructions of two types of EAP2 fibrils by cryo-EM. (C
and D) Density maps of the two EAP2 fibril polymorphs. EAP2-P1 is on the left, and EAP2-P2 is on the right. (E and F) Cross-sectional view of the
two structural models fitted in the density maps of the two EAP2 fibril polymorphs.
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segment and enzyme-cleavage segment in the degradable EAP2
bril were claried.
Design of degradable self-assembled antimicrobial brils
(SANs)

Next, we sought to apply the gelatinase-degraded bril to
construct smart antibacterial materials through physicochem-
ical alterations caused by enzymes.41 The rationale was to
design an antimicrobial bril with an EAP2 bril spine as
a scaffold. The latter could eliminate bacteria and then be
10918 | Chem. Sci., 2023, 14, 10914–10924
degraded automatically by the gelatinase secreted from bacteria
to abolish its antimicrobial activity to avoid potential toxicity.
This feedback loop could ensure spontaneous self-cleaning of
antimicrobial brils once targeted bacteria had been
eliminated.

We fused an antimicrobial peptide (melittin (Mel)) to our
designed EAP2 at the C-terminus with three glycine residues as
a spacer in between them, which we named EAP2-Mel (Fig. S9†).
An antimicrobial moeity could be a short peptide (i.e., Mel42,43)
with an a-helical secondary structure, but not be able to self-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Structural analyses of EAP2 peptides in the fibril structures of EAP2-P1 and EAP2-P2. (A and B) Different structural conformations of the
EAP2 subunit in EAP2-P1 and EAP2-P2 fibrils. Assignment of the secondary structure on different subtypes of EAP2 is shown on the bottom, with
the gelatinase-cleavage site indicated by red arrows. (C and D) Dimeric and trimeric structures of EAP2 in two different fibrils. The side-chain
interactions within different multimers are highlighted on the bottom. (E–H) Arrangement of different multimers within one cross-section of
a fibril. Multiple gelatinase-cleavage sites are indicated by red arrows. Water molecules are marked by a red cross. The side-chain interactions
between different multimers are highlighted in (I) and (J).
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assemble.44 EAP2-Mel was anticipated to self-assemble into
brils with Mel anking outside the bril core. Like other short
brillizing peptides45–47 and peptide-amphiphiles,48,49 the self-
assembled peptides acted as adjustable scaffolds to display
functional sequences or chemical groups onto the surface of
their self-assembled b-sheet-rich nanobers. As designed,
© 2023 The Author(s). Published by the Royal Society of Chemistry
EAP2-Mel could assemble spontaneously into brils, as char-
acterized by AFM and TEM. More importantly, these brils
could be degraded efficiently by gelatinase (Fig. S10A†). CD
spectroscopy conrmed the secondary-structure conversion of
peptides from b-sheets to random coils in SANs aer degrada-
tion by gelatinase (Fig. S10B†). This nding strongly suggested
Chem. Sci., 2023, 14, 10914–10924 | 10919
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that incorporation of Mel had a negligible effect on the bril-
lation and degradation behavior of EAP2.

Next, we examined the antimicrobial activity and degrad-
ability of SANs in the presence of bacteria. To evaluate the
antimicrobial activity, we measured the minimum inhibitory
concentration (MIC) of Mel monomer, EAP2 brils, EAP2-Mel
monomer, and SANs (Table 1). As shown in Fig. S11,† the
EAP2-Mel monomer and SANs (Mel) exhibited superior anti-
microbial activity against Gram-negative (Escherichia coli) and
Gram-positive (Staphylococcus aureus) bacteria. Fusion of Mel to
EAP reduced the antimicrobial activity of Mel according to the
MIC. Nevertheless, they showed a comparable ability to kill
bacteria according to SEM and staining experiments to identify
live/dead bacteria. Signicant destructive effects on bacterial
cell membranes were detected, and most bacteria were killed
within 2 h. These data indicated that Mel, EAP2-Mel, and SANs
exhibited potent activity for killing bacteria, rather than EAP2
brils.

Furthermore, a N-phenyl-1-naphthylamine (NPN) probe was
used to evaluate the penetration level and extent of disruption
of the outer membrane of bacteria. Wemonitored the enhanced
uorescence of NPN upon binding to the hydrophobic region of
the disrupted outer membrane (see the Experimental section of
the ESI†). Mel monomer, EAP2-Mel monomer, and SANs
showed similar destructive effects on bacterial outer
membranes. This destruction reached the same level gradually
by increased intensity from low to high as time increased
(Fig. 5A). The internal cytosolic b-galactosidase of bacteria
metabolized ONPG to the chromophore ortho-nitrophenol
(ONP) in the cytoplasm. This action resulted in obvious UV-vis
absorption at 420 nm, which could be used to indicate ONPG
intake when the inner membrane of bacteria was disrupted (see
the Experimental section of the ESI†). In descending order, Mel
monomer, EAP2-Mel monomer, and SANs could disrupt bacte-
rial inner membranes, but the difference between them was not
large (Fig. 5B). This order was very similar for their ability to
destroy bacterial outer membranes. However, EAP2 brils had
no destructive effects on bacterial outer or inner membranes. In
general, SANs retained excellent antimicrobial activity and had
a similar antibacterial mechanism to that of Mel peptides.

Next, to decipher the antibacterial mechanism of action of
our designed SANs, we examined Ca2+ loss in bacteria.50 The
intracellular Ca2+ concentration of bacteria treated by Mel
monomer, EAP2-Mel monomer, and SANs was measured. The
residual Ca2+ concentration of bacteria decreased markedly and
Table 1 Minimum inhibitory concentration (MIC) of EAP2 fibrils, peptide

Peptide

Gram-negative

E. coli P. aeruginosa

EAP2 brils >160 >160
Mel monomer 10 5
EAP2-Mel monomer 40 20
SANs 40 40

10920 | Chem. Sci., 2023, 14, 10914–10924
was signicantly lower than that of control bacteria (p < 0.0001)
(Fig. S12†), indicating that Ca2+ efflux was induced by antimi-
crobial peptides or SANs. The developed SANs showed
a comparable effect of Mel on the Ca2+ homeostasis of bacteria,
suggesting that they had a common antibacterial mechanism.
In general, the designed SANs displayed an antimicrobial
activity mainly due to the Mel moiety. This mechanism is
different to that of 2D nanomaterials, which act by physical
penetrations, or producing oxidative-stress reactions through
physicochemical interactions with microbes. Also, peptide
nanotubes can upregulate expression of genes to break bacterial
cell membranes.51,52

With regard to potential clinical applications, cytotoxicity is
a major concern for most natural and synthetic AMPs and
antimicrobial materials.53 Based on our results from
membrane-permeation assays, we hypothesized that the struc-
tural constraints and partial shielding of SANs on Mel might
alleviate toxicity towards mammalian cells. We undertook in
vitro cytotoxicity assays for Mel monomer, EAP2 brils, EAP2-
Mel, and SANs towards mouse broblast (L929) cells. As
shown in Fig. 5C, all Mel-graed SANs demonstrated greatly
reduced cytotoxicity compared with that of free Mel, and the
difference was much more obvious at higher Mel doses.
Hemocompatibility was assessed by incubating mouse red
blood cells with different concentrations of Mel, EAP2-Mel, and
SANs for 1 h, and the hemoglobin released was measured by UV
spectroscopy (Fig. 5D). The percentage of hemolyzed cells due to
the EAP2-Mel monomer and SANs was much lower than that of
Mel monomer, and met the requirement of <5% for percent
hemolysis. In comparison, EAP2 brils as scaffolds also
exhibited low cytotoxicity and percentage of hemolyzed cells.
Degradation of SANs in the bacterial environment

Finally, we investigated SANS degradation in a bacterial envi-
ronment in which gelatinase could be secreted efficiently from
bacteria as an extracellular enzyme. Remarkably, SANs could be
degraded into short brils in a S. aureus culture solution (SCS)
with gelatinase (GE+) within 12 h, and degraded completely
within 48 h. In comparison, the SANs bril was not degraded
readily in E. coli culture solution (ECS) without gelatinase (GE−)
in 24 h. We examined the uorescence images of SANs stained
by ThT and measured the mean uorescence intensity (MFI) of
SANs via the ThT assay (Fig. S5E–G†). The MFI decreased
dramatically and linearly with the time for SANs in SCS (GE+),
but not for SANs in ECS (GE−). As a control, we examined the
monomers, and SANs (mM) to show the antimicrobial activity

Gram-positive

S. typhi M. luteus B. subtilis S. aureus

>160 >160 >160 >160
40 5 2.5 2.5
80 20 5 5
20 10 5 5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Verification of antimicrobial mechanism and biocompatibility of self-assembled antimicrobial fibrils formed by EAP2-Mel. (A and B) Effect
of EAP2 fibrils, Mel monomer, EAP2-Mel monomer, SANs, and PBS on the E. coli outer-membrane (NPN fluorescence-labelled) and inner-
membrane (ONPG intake) permeability. (C and D) Cytotoxicity and hemolytic properties of EAP2 fibrils, Mel monomer, EAP2-Mel monomer, and
SANs. The degradation of SANs treated by the medium secreted by bacteria as well as the cytotoxicity and antibacterial properties of EAP2 fibrils,
Mel monomer, EAP2-Mel monomer, and SANs after treatment by the medium secreted by E. coli and S. aureus. (E) Degradation of SANs fibrils in
cell-free culture solutions of E. coli (ECS, GE−) and S. aureus (SCS, GE+). (F and G) Fluorescence images and intensity of SANs stained by ThT in
ECS (GE−), SCS (GE+), Tris buffer, or PM9 solution. (H) Cytotoxicity comparison of Mel monomer, EAP2-Mel monomer, and SANs, all at 80 mM,
treated by gelatinase and Tris buffer for 24 h.
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degradation performance of SANs in phosphate-buffered saline
and PM9 medium solution used for culturing S. aureus and E.
coli: they could not be degraded within 48 h. These results
showed that the designed SANs could be degraded efficiently in
the presence of gelatinase-secreting bacteria.

The antimicrobial activity and toxicity of degraded SANs
were examined further. Importantly, SANs treated by gelatinase
decreased the cytotoxicity signicantly compared with those
that did not receive enzyme treatment (Fig. 5H). In contrast, Mel
monomer continued to display the lower cell viability. MIC
calculations for various Gram-positive and Gram-negative
bacteria showed that degraded SANs almost lost their antibac-
terial activities and stopped working, and the performance of
the EAP2-Mel monomer also decreased signicantly, but the
activity of Mel was maintained (Table 2). Therefore, the degra-
dation effect of the enzyme on the antimicrobial performance
and cytotoxicity of as-constructed materials was veried. The
time needed to kill bacteria by SANs was much shorter than that
of the degradation of SANs. However, this strategy worked well
Table 2 Minimum inhibitory concentration (MIC) of Mel monomer, EAP

Peptide

Gram-negative

E. coli P. aeruginosa

Mel monomer 20 20
EAP2-Mel monomer >160 >160
SANs >160 >160

© 2023 The Author(s). Published by the Royal Society of Chemistry
because most gelatinase had been secreted from bacteria
present in the microenvironment, and could act on SANs even if
bacteria had been killed. Killing bacteria by SANs in a short time
could also make disinfection efficient before SANs are degraded
over a relatively long time.

In summary, we constructed an enzyme-controlled degrad-
able peptide-based bril system. Then, we applied it to develop
degradable antimicrobial nanomaterials that could kill
bacteria. We demonstrated that the designed brils could kill
bacteria in a short time and were degraded automatically by the
already secreted gelatinase of bacteria, thereby maximizing the
biosafety of these nanomaterials (Fig. 6). This feedback-loop
strategy could be used to develop biocompatible, self-
cleaning, smart nanomaterials with different biological activi-
ties. We demonstrated one application of this enzyme-
controlled degradable peptide-based bril system. More bio-
inspired smart peptide-based nanosystems will be designed
and developed in our future work. Our data pave the way for
developing smart peptide-based nanomaterials for different
2-Mel monomer, and SANs after gelatinase treatment for 24 h

Gram-positive

S. typhi M. luteus B. subtilis S. aureus

40 20 10 10
>160 >160 160 160
>160 >160 >160 >160

Chem. Sci., 2023, 14, 10914–10924 | 10921
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Fig. 6 Design of an antimicrobial peptide fibril under feedback-loop regulation (schematic). The rational design of EAP fibrils and EAP-based
antimicrobial fibrils, and their application in killing bacteria and auto-degradation by an enzyme with a feedback loop, are shown.
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biomedical and clinical applications, such as smart biosensing
and drug delivery.
Materials and methods

The materials and methods section is available in the ESI.†
Data availability

Cryo-EM 3D density maps of EAP2 brils have been deposited in
the Electron Microscopy Data Bank with entry codes of EMD-
34392 for EAP2 polymorph 1 and EMD-34393 for EAP2 poly-
morph 2. The corresponding structural models have been
deposited in the Worldwide Protein Data Bank with entry codes
of 8GZ8 for EAP2 polymorph 1 and 8GZ9 for EAP2 polymorph 2.
Additional data that support the ndings of this study are
available from the corresponding authors upon reasonable
request.
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