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Abstract

Antibacterial resistance against conventional antibiotics has emerged as a

global health problem. To address this problem, antimicrobial peptides

(AMPs) have been recognized as alternatives due to their fast-killing activity

and less propensity to induce resistance. Here, the AMPs are engineered via a

supramolecular fashion to control and increase their biological performance.

The AMPs are modified with ureido-pyrimidinone (UPy) to obtain UPy-AMP

monomers, followed by modular self-assembling to realize antibacterial UPy-

AMP supramolecular polymers. These positively charged assemblies are illus-

trated as stable, short fibrous or rod-like UPy-AMP nanostructures with

enhanced antibacterial activity and modulable cytotoxicity. Moreover, these

antibacterial UPy-AMP assemblies can be internalized by both THP-1 derived

macrophages and human kidney cells, which would be an effective potential

therapy to deliver the AMPs into mammalian cells to address intracellular

infections. Overall, the results present here demonstrate that supramolecular

engineering of AMPs provides a powerful tool to enhance the antibacterial

activity, modulate cytotoxicity and accelerate the clinical application

of AMPs.
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1 | INTRODUCTION

The extensive and widespread use of conventional
antibiotics has induced a rapid increase in antibacterial
resistance, which has become a large global health
problem.1–6 To cope with this challenge, new antibacterial
technologies and strategies including supramolecular
engineered cationic surfactants7,8 and polymers,9–11

photosensitizer,12,13 photothermal agents14–16 and anti-
bacterial peptides3,6,17–22 are developed as alternatives. By
using dynamic and reversible non-covalent interactions,
engineering antibacterial materials through delicate con-
trol of supramolecular assemblies on a molecular level
can be realized.3,17,21,23–25 Moreover, this modular and
tunable approach allows for incorporating functional
molecules to achieve multifunctional nanostruc-
tures.23,26–28

Among these antibacterial supramolecular assemblies,
antimicrobial peptides (AMPs)-based nanostructures has
gained significant interest owing to the straightforward
killing mechanism of broad-spectrum AMPs. This

mechanism involves irreversible disruption of the cytoplas-
mic membrane of bacteria to induce cell death,2,29,30

which exhibits low degrees of antimicrobial resistance.
The currently developed supramolecular AMPs nanostruc-
tures are, however, either with compromised antibacterial
activity,18,19 or not stable under critical micelle concentra-
tion.17 Additionally, the interactions between the engi-
neered AMPs nanostructures and mammalian cells should
be examined as understanding the fate of nanostructured
AMPs and their effects on surrounding healthy tissues are
critical for safe clinical applications.31 These interactions
were, unfortunately, seldom investigated.

Therefore, the current study aims to engineer the nat-
urally derived AMPs to achieve stable nanostructures
with enhanced antibacterial activity through a supramo-
lecular fashion, as well as to investigate the interactions
between the AMPs nanostructures and mammalian cells.
To achieve this target, a supramolecular building block
based on our four-fold hydrogen-bonding ureido-
pyrimidinone (UPy) unit was designed as the base mono-
mer (UPy-OCH3, Figure 1A). This monomer has been

FIGURE 1 Chemical structures of UPy-monomers (A) and schematic illustration of the 1D UPy-AMP assemblies that will further

aggregate into supramolecular polymer fibers (B).
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demonstrated to assemble into fibrous assemblies owing
to lateral stacking of hydrogen-bonded UPy-dimers,
which are protected by the hydrophobic pockets formed
by the alkyl spacers assisted by hydrogen-bonding of the
urea groups.26 The cationic Lasioglossin III AMP (Lasio
III, VNWKKILGKIIKVVK) was selected as a model AMP
in this study owing to its potent antibacterial activity
against both Gram-positive and Gram-negative bacteria,
low-hemolytic activity and high-cell selectivity.22,32 It
derives from the venom of the eusocial bee Lasioglossum
laticeps and has high affinity for negatively charged path-
ogenic membranes.33 This selective peptide-membrane
interaction induces the Lasio III folds into an α-helix
structure and lays on the surface of the membrane with
its entire length, which further induces the permeabiliza-
tion of the pathogenic membranes and bacteria death.32

Besides, possible entering of Lasio III into the bacteria
cell and attacking intracellular biomolecules such as
nucleic acids is proposed.32 Lasio III was conjugated to
the base UPy-monomer to form the antibacterial UPy-
AMP monomer (Figure 1A). To facilitate monitoring the
interactions between the UPy-AMP assemblies and
mammalian cells, fluorophore Cy5 was conjugated to the
UPy-unit to form the UPy-Cy5 monomer (Figure 1A) as a
fluorescent molecular probe. The UPy-AMP assemblies
were prepared by supramolecular synthesis through a
modular assembly of the various UPy-monomers in a
“mix-and-match” approach23,26,34 in phosphate buffered
saline (PBS) (Figure 1B). The formed UPy-AMP assem-
blies were fully characterized and the biological perfor-
mances of these assemblies, that is, antibacterial effects,
cytocompatibility and cellular interactions with THP-1
derived macrophages and human kidney cells (HK-2),
were also evaluated to promote their applications in the
field of regenerative medicine.

2 | EXPERIMENTAL SECTION

2.1 | Materials

All the solvents were purchased from commercial
sources and used as received, unless stated otherwise.
Hoechst 33342, CellMask™ Green plasma membrane
stain and Invitrogen™ Live Cell Imaging Solution were
purchased from Thermo Fisher Scientific. Phorbol-
12-myristate-13-acetate (PMA) was purchased from
Sigma-Aldrich.

UPy-OCH3 was synthesized as described in Hendrikse
et al., ChemComm, 2017,28 for UPy-OCH3 with LC–MS
[M] calculated 1035.67, found 518.92 [M + 2H]2+ and
1036.33 [M + H]+. The LC–MS [M] of UPy-Cy5 was cal-
culated 1701.11, found 567.75 [M + 3H]3+, 851.06 [M
+ 2H]2+ and 1701.33 [M + H]+. The Lasio III AMP was

synthesized with a solid phase peptide synthesis method
as described by Zaccaria et al., J. Polym. Sci. Part A:
Polym. Chem., 2018,22 with LC–MS [M] calculated
1764.19, found 883.33 [M + 2H]2+, 589.5 [M + 3H]3+,
442.42 [M + 4H]4+, 354.17 [M + 5H]5+ and 295.33 [M
+ 6H]6+. UPy-AMP monomer was synthesized as previ-
ously reported,22 with LC–MS [M] calculated 2883.88,
found 1442.83 [M + 2H]2+, 962.42 [M + 3H]3+, 722.08
[M + 4H]4+, 577.92 [M + 5H]5+ and 481.67 [M + 6H]6+.
The chromatogram and mass spectrum of the synthesized
UPy-AMP monomer is illustrated in Figure S1.

2.2 | Preparation of UPy-AMP
assemblies

UPy-OCH3 and UPy-Cy5 were dissolved in methanol
with a concentration of 2 and 0.1 mM, respectively. UPy-
AMP was dissolved in methanol/water (99/1, vol/vol)
containing 0.01 M HEPES solution at a concentration of
2 mM. To prepare UPy-AMP assemblies with different
amounts of UPy-AMP monomers, a certain amount of
UPy-monomers were mixed and injected into aqua
medium, followed by equilibration at a defined time
under gentle shaking at 200 rpm. For cell culture pur-
pose, the assemblies were prepared by mixing monomer
solutions and injecting them into the culture media con-
taining 10% Fetal Bovine Serum (FBS).

2.3 | Characterizations of UPy-AMP
assemblies

Formation of the UPy-AMP assemblies in PBS was exam-
ined by Nile Red (NR) encapsulation measurements as
previously reported.34 In detail, NR dissolved in metha-
nol was added into the 50 μM UPy-AMP assemblies sus-
pensions to reach a concentration of 5 μM, with an UPy:
NR molar ratio of 10:1. The suspension was then equili-
brated under shaking at 150 rpm for 5 min. The emission
spectrum was recorded from 565 nm to 800 nm using an
excitation wavelength of 550 nm on a Varian Cary
Eclipse fluorescence spectrometer (Agilent Technologies)
using Quartz cuvettes. Data from 5 scans were collected
and averaged.

Encapsulation of Cy5 into the UPy-AMP assemblies
was examined by fluorescence resonance energy transfer
(FRET) measurements using the NR/Cy5 pair. The UPy-
Cy5 was mixed with the UPy-monomers at a molar ratio
of 1:100 to reach final concentrations of 0.5 μM and
50 μM, respectively. The mixtures were then injected into
PBS to equilibrate for at least 3 h, followed by addition of
NR with a concentration of 5 μM. After equilibrating, the
emission spectrum was recorded from 540 to 800 nm

SONG ET AL. 3
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using an excitation wavelength of 520 nm on the Varian
Cary Eclipse fluorescence spectrometer. Data from five
scans were collected and averaged.

Zeta-potential of the UPy-AMP assemblies with a
concentration of 50 μM in HEPES buffer (5 mM, pH 7.4)
was measured by Laser Doppler Electrophoresis with a
Malvern Zetasizer Nano-Z instrument using a folded cap-
illary cell (DTS 1060).

Morphology of the UPy-AMP assemblies was exam-
ined by total internal reflectance fluorescence (TIRF)
microscopy with a Nikon N-STORM system. The UPy-
assemblies were prepared at 50 μM containing 1 mol%
UPy-Cy5 in PBS and diluted to 2 μM, followed by flowing
in a chamber between a glass slide and microscope cover-
slip (Menzel-Gläser, #1, 24 � 24 mm) which were sepa-
rated by a piece of double-sided tape. The sample was
annealed for 2 min and subsequently washed twice with
PBS buffer. The Cy5 was excited at 647 nm and the fluo-
rescence was filtered through a Nikon 97335 quad-band
pass dichroic filter. The fluorescence was observed with a
Nikon 100� objective (1.4 NA oil immersion) and the
images were recorded with an EMCCD camera (ixon3,
Andor with pixel size 0.165 μm).

2.4 | Cell culture

THP-1 human monocytic cells and immortalized HK-2
were purchased from ATCC and cultured at 37�C in 95%
air/5% CO2 atmosphere with Gibco™ Roswell Park
Memorial Institute (RPMI) 1640 medium and Dulbecco's
Modified Eagle Medium (DMEM), respectively, supple-
mented with 10% FBS and 1% penicillin/streptomycin
(P/S). The THP-1 cells in the suspension culture were
passed every other day while HK-2 cells were passed
twice a week. PMA was added to the culture medium
(50 ng/ml) and incubated with the monocytes for 48 h to
induce differentiation of THP-1 monocytes into macro-
phages. For all of the cell experiments, the THP-1 cells
and HK-2 cells were seeded at a density of 2.5 � 105

cells/cm2 and 2.5 � 104 cells/cm2, respectively.

2.5 | Cytocompatibility of UPy-AMP
assemblies

The cytocompatibility of the UPy-AMP assemblies for
both THP-1 derived macrophages and HK-2 cells was
investigated with an LDH assay following the standard
protocol (Thermo Fisher Scientific) with minor adjust-
ments. In brief, the cells were seeded onto a 48-well plate
with the above-mentioned density in triplicate. THP-1
cells were induced with PMA for 48 h and HK-2 cells
were cultured overnight for attachment. Culture media

containing UPy-AMP assemblies of different formula-
tions and at various concentrations were then added into
each well. The wells containing only culture medium
were used as Medium control. After 24 h of incubation,
lysis buffer was added into wells without UPy-AMP
assemblies and incubated for 45 min at 37�C in 95%
air/5% CO2 atmosphere. These wells were used as Maxi-
mum LDH. After this, a 50 μl aliquot of cell metabolic
medium of each well was transferred into a 96-well flat-
bottom plate in duplicate, followed by the addition of
50 μl of the reaction mixture. The plate was then incu-
bated at room temperature for 30 min protected from
light. After incubation, 50 μl of stop solution was added
to each well and the absorbance at 490 nm and 680 nm
was measured with a plate reader. The LDH absorbance
value was obtained by subtracting the 680-nm absor-
bance value (background) from the 490-nm absorbance
value. The cytocompatibility of the UPy-AMP assemblies
was calculated with the following equation:

Cytocompatibility¼ 100%

�Assemblies LDH�Medium control LDH
MaximumLDH�Medium control LDH

�100%:

2.6 | Live/dead assay

The viability of the THP-1 derived macrophages and
HK-2 cells after 24 h of incubation with certain amounts
of UPy-AMP assemblies was determined by live/dead
assay in way of Calcein AM and Propidium Iodide stain-
ing. In brief, THP-1 and HK-2 cells were seeded and cul-
tured in an 8-well chamber (Thermo Scientific™ Nunc™
Lab-Tek™ with #1 borosilicate glass bottom) at a density
of 2.5 � 105 cells/cm2 and 2.5 � 104 cells/cm2, respec-
tively, in quadruplicate. The Calcein AM and Propidium
Iodide stock solution was diluted to 10 μM in PBS. Subse-
quently, the cells were washed twice with PBS and 100 μl
of the staining solution was added into each well. After
30 min incubation at 37�C, the cells were washed with
PBS and examined by confocal laser scanning microscope
(CLSM). Imaging acquisition of the cells was performed
by using a Leica SP5 CLSM with a 20� objective.

2.7 | Antibacterial test of the UPy-AMP
assemblies against Staphylococcus aureus
and Escherichia coli

The antibacterial activities of the UPy-AMP assemblies
with different compositions were evaluated against
Staphylococcus aureus (S. aureus) JAR060131 and Escher-
ichia coli (E. coli) 8735 by performing a minimal
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inhibitory concentration (MIC) assay and a 99.9% lethal
concentration (LC99.9) assay in modified RPMI 1640
medium (with 20 mM HEPES and L-glutamine, without
sodium bicarbonate, Sigma-Aldrich). The bacteria were
cultured overnight in tryptic soy broth to mid-logarithmic
growth-phase and then washed twice with PBS. After
washing, the bacteria were diluted in modified RPMI-
1640 medium to reach the required concentration of 107

colony forming units (CFU)/ml by measuring the optical
density of the bacteria suspension at 620 nm, based on
the established relationship between the numbers of
CFU and the optical densities.

2.7.1 | MIC and LC99.9 assay

The MIC and LC99.9 are defined as the lowest AMP or
UPy-AMP assemblies concentrations that can inhibit
the visible growth of bacteria or that can kill 99.9% of
bacteria after certain duration of incubating with bac-
teria, respectively. The MIC and LC99.9 tests were per-
formed according to published protocols5,35 with minor
modifications. Briefly, the pure AMP and UPy-AMP
assemblies with a concentration series of 40 to
0.625 μM were prepared via a two-fold dilution method
in modified RPMI 1640 medium. Ten microliter of the
AMP or UPy-AMP assemblies suspension was added
into a polypropylene corner notch microplate (Corning
CLS3879) in quintuplet containing 80 μl RMPI. The
bacteria were diluted to a concentration of
1 � 107 CFU/ml and 10 μl of bacteria suspension was
added into each well to reach a final concentration of
1 � 106 CFU/ml with a final volume of 100 μl. After
incubation on a shaking plate (200 rmp, 37�C) for 24 h,
MIC was determined by visual assessment of bacteria
growth. For the LC99.9 at 2 h and 24 h, an aliquot of
20 μl of each incubation was taken and mixed with
20 μl of a 0.05% (vol/vol) sodium polyanethole sulfo-
nate (SPS) solution to block the activity of the peptides.
Ten microliter of this mixture was then plated on blood
agar plates in duplicate. The blood agar plates were
then incubated at 37�C for 24 h and the number of
CFU was counted to determine the LC99.9.

2.7.2 | Bacterial killing kinetics

To monitor the antibacterial activity of the pure AMP
and UPy-AMP assemblies over time, a time-kill experi-
ment was performed. This experiment was executed by
incubating the bacteria (1.38 � 106 CFU/ml for S. aureus
and 5.4 � 105 CFU/ml for E. coli) with 10 μM pure AMP
or UPy-AMP assemblies of different compositions in trip-
licates in modified RPMI-1640 medium, in a total volume

of 250 μl at 200 rpm and 37�C. At each defined time
point, an aliquot of 20 μl of each incubation was taken
and mixed with 20 μl of a 0.05% (vol/vol) SPS solution to
stop the peptide activity. Ten microliter of this mixture
was plated on blood agar plates in duplicate. The blood
agar plates were incubated at 37�C for 24 h and the num-
ber of CFU was counted to determine the concentration
of bacteria at different time points.

2.8 | Internalization of UPy-assemblies
by mammalian cells

To monitor the interaction of UPy-AMP assemblies with
the mammalian cells, the UPy-AMP assemblies (UPy-
OCH3:UPy-AMP = 25:75, 10 μM) containing 1 mol% of
UPy-Cy5 as reporter were prepared in RPMI and DMEM
medium containing 10% of FBS. THP-1 and HK-2 cells
were seeded in an 8-well chamber (Thermo Scientific™
Nunc™ Lab-Tek™ with #1 borosilicate glass bottom) at
a density of 2.5 � 105 cells/cm2 and 2.5 � 104 cells/cm2,
respectively, in quadruplicate. After the formation of
THP-1 derived macrophages and overnight attachment
of HK-2 cells, the cells were washed three times with PBS
and 0.4 ml of a suspension of UPy-AMP assemblies in
culture medium was added in each well. At each time
point, the UPy-AMP assemblies of the designated sample
were washed away with PBS. The cells were sequentially
stained with Hoechst 33342 and CellMask™ Green for
nuclei and membranes, respectively. After staining, the
cells were washed three times with PBS and Invitrogen™
Live Cell Imaging Solution was added into each well for
live imaging. Live imaging was performed using a Leica
SP5 CLSM at 37�C to determine the internalization of
UPy-assemblies by the cells.

To examine the ability of the cells to excrete the inter-
nalized UPy-AMP assemblies, the UPy-AMP assemblies
were incubated with the cells for 120 min and then
washed away with PBS. Fresh medium was added to con-
tinue culture the cell for another 48 h. Subsequently, the
cells were stained with Calcein AM and live confocal
imaging was performed to observe the Cy5 signal from
the UPy-AMP assemblies.

2.9 | Statistics

All data is depicted as average ± standard deviation.
GraphPad Prism was used to do the statistical analyses.
Means of experimental data were analyzed by One-way
analysis of variance followed by a Tukey post hoc test. A
value of p < 0.05 was considered as a statistically signifi-
cant difference.
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3 | RESULTS AND DISCUSSION

3.1 | Characterization of the UPy-AMP
assemblies

The UPy-AMP assemblies were obtained by modular self-
assembling of functional UPy-monomers (Figure 1A) via
a “mix-and-match” fashion in PBS (Figure 1B). Specifi-
cally, the UPy-monomers were dissolved separately in
methanol and a certain amount of these monomers were
then thoroughly mixed. Subsequently, PBS was added
into the UPy-monomers mixtures to reach a UPy-
monomer concentration of 50 μM, followed by overnight
equilibration on a shaking bed at 200 rpm to obtain the
UPy-assemblies in aqueous environment. Five types of

UPy-assemblies were prepared and the detailed formula-
tions of these assemblies are shown in Table 1. The UPy-
AMP 25 formulation, which composes 25% of UPy-AMP
monomer, only formed visible clusters and agglomerated
in PBS. Further experiments with this formulation were
thus not carried out.

To evaluate the successful formation of UPy-AMP
assemblies, NR was used as a probe to examine the exis-
tence of lateral hydrophobic pockets formation of the
assemblies. NR prefers to partition in aggregates that con-
tain hydrophobic domains and produces a hyperchromic
effect with a blue shift.6,36 For various formulations,
strong intensity of fluorescent NR signals were observed
while significant blue shift of the NR emission were not
detected (Figure 2A). This absence of blue shift may be
due to the presence of the high polarity of the aqueous
media, which can induce a red shift of the fluorescence37

and counteract with the blue shift generated by hydro-
phobic domain partition. This hyperchromic effect thus
confirmed the formation of the UPy-AMP assemblies.
The incorporation of UPy-Cy5 was examined by FRET
with the fluorescent NR/Cy5 pair. Upon the excitation of
NR as the donor, strong Cy5 signals from different for-
mulations were detected (Figure 2B), which demon-
strated that Cy5 was in close proximity with NR and the
successful incorporation of UPy-Cy5 into UPy-AMP
assemblies. The zeta-potential values of the assemblies

TABLE 1 Formulation of UPy-antimicrobial peptide

(UPy-AMP) assemblies

Formulations
UPy-AMP: UPy-OCH3

(molar ratio) Note

UPy-AMP 0 0:100 —

UPy-AMP 25 25:75 Agglomerated

UPy-AMP 50 50:50 —

UPy-AMP 75 75:25 —

UPy-AMP 100 100:0 —

FIGURE 2 Characterization of the UPy-AMP assemblies. The formation of UPy-AMP assemblies is confirmed by intensive NR (molar

ratio of UPy:NR at 10:1) signals which indicate strong hydrophobic pocket formations (A), encapsulation of UPy-Cy5 (molar ratio of UPy-

Cy5:UPy-monomers at 1:100) into the UPy-AMP assemblies is confirmed by fluorescence resonance energy transfer (FRET) examination

with NR/Cy5 pair (B), zeta-potentials measurements of UPy-AMP assemblies (C) and morphology of the UPy-AMP assemblies examined by

TIRF microscopy with Cy5 as fluorophore (D).

6 SONG ET AL.
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measured in 5 mM HEPES buffer at pH 7.4 shifted from
�3.73 ± 3.34 mV for UPy-AMP 0 to 23.50 ± 3.71, 27.30
± 5.91 and 27.30 ± 4.05 mV for the formulations of UPy-
AMP 50, 75 and 100, respectively (Figure 2C). These
results indicated that the existence of UPy-AMP mono-
mers could dramatically turn over the physicochemical
properties of the assemblies due to the cationic AMPs.

The morphology of the various UPy-AMP assemblies
was examined with TIRF microscopy with the assistance
of UPy-Cy5 reporter. Long fibers with micrometer scale
were observed for assemblies consisting of pure UPy-
OCH3 monomers (Figure 2D). With increasing the com-
position of UPy-AMP monomers to 50%, part of the
fibrous UPy-AMP 50 assemblies aggregated into large
clusters (Figure 2D). Individual and stable fibrous or rod-
like structures were formed with increasing the ratio of
UPy-AMP monomers to 75%, while no significant differ-
ences were observed between the UPy-AMP 75 and UPy-
AMP 100 formulations (Figure 2D). These structural
changes may be caused by the incorporation of UPy-
AMP monomer, which would impede the polymerization
process of the supramolecular system due to the charge
repulsion between the positively charged groups of
AMPs.34,38

3.2 | Antimicrobial activities of the
UPy-AMP assemblies

The formation of UPy-AMP assemblies is expected to
increase the local density of the positive charges and
AMP mass,17,24 which would thus enhance the antimi-
crobial activity of the AMPs. To test this hypothesis, the
MIC and LC99.9 of the UPy-AMP assemblies against
the Gram-positive bacterium S. aureus and Gram-
negative bacterium E. coli were examined. Overall, effec-
tive antibacterial properties of all the UPy-AMP assem-
blies against both S. aureus and E. coli were obtained
(Table 2), which indicated that the original potent anti-
bacterial activities of the AMPs were maintained after
chemical functionalization with amphiphilic UPy mole-
cules. Specifically for E. coli, the MIC and LC99.9 at both
2 h and 24 h for pure AMPs and UPy-AMP 75 formula-
tion shared the same concentration of 2.5 μM (Table 2).

Identical results of the MIC and LC99.9 at 24 h for the
UPy-AMP 75 and pure AMP against S. aureus were also
obtained, with the concentration at approximately
2.5 μM (Table 2). These results hint to a slight enhance-
ment of their antibacterial properties as the UPy-AMP
75 formulation contained 25% less amount of active
AMPs compared to the pure AMPs but achieved an iden-
tical antibacterial effect. Moreover, with increasing the
ratio of UPy-AMP monomers to 100% as UPy-AMP
100 assemblies, onefold decrease of the concentrations
for MIC, LC99.9 at 2 h and 24 h can be observed com-
pared to pure AMP (Table 2). These results
demonstrate that supramolecular engineering of AMPs
through UPy modification following modular self-
assembling is an effective method to control the antibac-
terial performance of AMPs, and the antibacterial activi-
ties of the UPy-AMP assemblies depend on the amount
of UPy-AMP monomer in the formulation.

As the AMPs kill bacteria with fast action,2,29 killing
kinetics of the various UPy-AMP assemblies at a concen-
tration of 10 μM were examined in a period of 2 h to
compare their activities. Although a higher LC99.9 at 2 h
was required for the UPy-AMP 75 assemblies against
S. aureus compared to the pure AMPs formulation
(Table 2), the UPy-AMP 75 assemblies killed all the
S. aureus in 45 min when applied at the same concentra-
tion as pure AMPs (i.e., 10 μM) but effectively with 25%
less amount of AMPs presented in the solution
(Figure 3A). Gram-negative bacteria are generally harder
to kill compared to their Gram-positive counterparts,
which is largely due to the presence of an outer mem-
brane that serves as an impermeable barrier.3,39,40 For
E. coli, the UPy-AMP 75 assemblies achieved even better
killing kinetics compared to the pure AMPs (Figure 3B),
which again demonstrated the enhancement of the anti-
bacterial activity of AMP through supramolecular
engineering.17

3.3 | Cytocompatibility of the UPy-AMP
assemblies

Although AMPs are promising antibacterial agents,
their potential cytotoxicity towards mammalian cells,

TABLE 2 MIC and LC99.9 of pure

AMP and UPy-AMP assemblies
Formulations

S. aureus (μM) E. coli (μM)

LC99.9, 2 h MIC LC99.9, 24 h LC99.9, 2 h MIC LC99.9, 24 h

Pure AMP 2.5 2.5 2.5 2.5 2.5 2.5

UPy-AMP 50 >40 5 10–20 5 5 5

UPy-AMP 75 10 2.5 2.5–5 2.5 2.5 2.5

UPy-AMP 100 5 1.25 2.5–5 1.25 1.25 1.25

SONG ET AL. 7
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which originates from their cationic nature, limited their
success in clinical settings.2,3,41 Therefore, the cytocom-
patibility of the UPy-AMP assemblies should be exam-
ined to receive the biocompatible concentration range for
safe clinical applications. To achieve this, the UPy-AMP
assemblies with different formulations and at various
concentrations was quantitatively and qualitatively inves-
tigated with an LDH method and live/dead staining
examination for both THP-1 derived macrophages and
HK-2 cells. The cell culture medium without the addition
of any UPy-AMP assemblies was used as the positive
control.

The cytocompatibility of the UPy-AMP assemblies for
both types of cells was dependent on the concentrations
and compositions of the UPy-AMP assemblies
(Figure 4A,B). All of the UPy-AMP assemblies did not
show a cytotoxic effect at the concentration of 5 μM
according to the ISO 10993-5:2009 standard, which indi-
cates 30% reduction of cell viability as toxic
(Figure 4A,B). With increasing the concentration to
10 μM, only UPy-AMP 100 became significantly cytotoxic
(Figure 4A,B). At the concentration of 20 μM, all of the
UPy-AMP assemblies induced significant cytotoxicity and
the toxic level was positively correlated with the amount
of UPy-AMP monomers. An identical trend was observed
from the results of the live/dead viability examinations
(Figure 4C,D). These results demonstrated that the cyto-
compatibility of the UPy-AMP assemblies could be easily
adjusted through modular supramolecular engineering.

3.4 | Biological interactions between the
UPy-AMP assemblies and mammalian cells

Considering the safe clinical application of the UPy-AMP
assemblies, the fate of these antibacterial nanostructures

and their influence on mammalian cells should be exam-
ined. When these antibacterial assemblies are adminis-
trated, they will confront cleaning by a mononuclear
phagocyte system which is mainly composed of resident
macrophages.42 Moreover, these nanostructures may
actively interact with non-phagocytic cells due to their
relatively small size.43 Therefore, the interactions
between the UPy-AMP assemblies and phagocytic cells,
that is, THP-1 derived macrophages and non-phagocytic
cells, that is, HK-2 cells were examined. The UPy-AMP
75 assemblies at the concentration of 10 μM were chosen
for material-cell interaction experiments due to their
excellent cytocompatibility and antibacterial activity.
After different time periods of incubation with the cells,
the extracellular UPy-AMP 75 assemblies were washed
away with PBS to stop their continued internalization by
cells. The cells were then stained and observed by CLSM
to determine the internalization of UPy-assemblies by the
cells.

These UPy-AMP assemblies could be internalized by
both types of cells within 30 min (Figure 5). With increas-
ing the incubation time to 120 min, more of the assem-
blies were internalized. These results indicated that the
AMPs could be easily transferred into the mammalian
cells after being supramolecular engineered into nanos-
tructures. This exciting phenomenon provides a promis-
ing potential therapy for the treatment of intracellular
infections, where the bacteria can survive and persist
both inside macrophages44,45 and non-professional
phagocytes, that is, endothelial or epithelial cells and
osteoblast.46 Although therapies involving intracellular
delivery of AMPs have been developed,46,47 these thera-
pies required complicated carrier design and target only
one type of cell. In contrast, the supramolecular engi-
neered UPy-AMP assemblies have the potential to target
the intracellular bacteria inside several types of cells.

FIGURE 3 Antibacterial effects of the UPy-AMP assemblies in term of time-killing on S. aureus (A) and E. coli (B) in 120 min. The

concentrations of the pure AMP and UPy-AMP assemblies were 10 μM.

8 SONG ET AL.
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Additionally, with increasing the incubation time to
24 and 48 h, the cells internalized more of the UPy-AMP
assemblies and maintained good viability (Figure S2a and
Figure S3a). These results confirmed the long-term cyto-
compatibility of these UPy-AMP assemblies.

To achieve clinical translation of these UPy-AMP
assemblies, they should function as a drug that can be
easily cleared from the body after executing their tasks.
After 120 min incubation of the UPy-AMP assemblies
with the mammalian cells, fibrous structures from the
Cy5 signal were observed inside both types of cells

(Figure 5 zoomed in area), which indicated the possible
attachment of the UPy-AMP assemblies to mitochondria
(unpublished data). The extracellular UPy-AMP assem-
blies were then washed away and the cells were continu-
ously incubated for another 48 h to determine the
excretion of the UPy-AMP assemblies by cells. A dra-
matic decrease of the Cy5 signal was observed for both
types of cells (Figure 5) and the cells maintained good
viability (Figure S2b and S3b). These results suggested
that the internalized UPy-AMP assemblies could be
excreted by mammalian cells while did not harm the

FIGURE 4 Biological examinations of the UPy-AMP assemblies with THP-1 derived macrophages (A and C) and HK-2 cells (B and D)

by means of cytocompatibility (A and B) and live/dead staining (C and D). Scale bars represent 200 μm in C and D. p < 0.0001 (****).

SONG ET AL. 9
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viability of the cells, which strongly supports their safe
clinical applications for the treatment of infections or
used as antibacterial biomaterials.

All the above results demonstrate the proof-
of-concept of supramolecular engineering the Lasio III
AMP to form the stable UPy-AMP assemblies with
enhanced antibacterial activity. Despite this promising
advantage, these UPy-AMP assemblies confront complex
biological barriers upon systemic or local administration.
These barriers include possible protease degradation48

and potential side interactions with various serum pro-
teins.49 Although formation of supramolecular AMP
assemblies can improve the protease susceptibilities of
AMP,6 the integrity of the UPy-AMP monomer and anti-
bacterial activity of the UPy-AMP assemblies against pro-
tease degradation can be further investigated to optimize
their therapeutic concentrations. Besides, systemic inves-
tigation of the (dynamic) stability of these UPy-AMP
assemblies under different conditions, for example,

dilution and the presence of a variety of serum proteins,
would be beneficial for clinical application of these UPy-
AMP assemblies.

4 | CONCLUSION

In conclusion, stable supramolecular antibacterial assem-
blies were successfully fabricated through supramolecu-
lar engineering of the natural derived AMP with UPy
molecules. These antibacterial UPy-AMP assemblies
demonstrated improved performance of antibacterial
activity against both Gram-positive S. aureus and Gram-
negative E. coli with good cytocompatibility. These UPy-
AMP assemblies could be internalized by both THP-1
derived macrophages and HK-2 cells for intracellular
delivery of AMP. And the internalized UPy-AMP assem-
blies could be excreted by the mammalian cells after
48 h. These properties endowed the UPy-AMP assemblies

FIGURE 5 Confocal fluorescent micrographs of the internalization of the UPy-AMP 75 assemblies (10 μM) by THP-1 derived

macrophages (A) and HK-2 cells (B). The UPy-AMP 75 assemblies were labeled with Cy5 (red), nuclei and membranes of the cells were

stained blue and green, respectively. Scale bars represent 30 μm.
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as promising antibacterial biomaterials for regenerative
medicine.
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