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Abstract   Fluorescence  imaging  has  been  an  indispensable  tool  to  provide  dynamic  information  about  the  localization  and  quantity  of

organisms. Meanwhile, due to the intrinsic hollow structure and modularized biofunctionalities,  polymer vesicles have been widely applied in

biomedical  field.  However,  most  polymer  vesicles  are  embedded  with  organic  fluorophores  for  fluorescence  imaging,  which  have  certain

drawbacks  such  as  leakage  and  possible  cytotoxicity.  Here,  we  present  a  biodegradable  polypeptide-based  vesicle  with  intrinsic  blue

fluorescence  without  introducing  any  fluorophore  for  real-time  visualization  of  antibacterial  process.  Through  modular  design  to  integrate

multiple  functional  fragments,  poly(ε-caprolactone)-block-poly(tryptophan)-block-poly(lysine-stat-phenylalanine)  [PCL25-b-PTrp2-b-P(Lys13-stat-

Phe4)] was synthesized, where PCL chains form the hydrophobic membrane, P(Lys-stat-Phe) and PTrp provide intrinsic fluorescence and broad-

spectrum  antibacterial  activity.  It  is  noteworthy  that  the  fluorescence  emission  was  shifted  from  invisible  ultraviolet  range  of  amino  acids  to

visible range (emission maximum at  436 nm),  which makes it  possible to visualize the antibacterial  process.  In  addition,  through utilizing the

intrinsic  fluorescence  of  vesicles,  confocal  fluorescent  imaging  of  vesicles  with  bacteria  validated  the  specific  adhesion  of  vesicle  towards

bacteria, and the bacterial death through membrane disruption. Overall, we provided a novel approach to developing biodegradable fluorescent

polypeptide-based vesicles for real-time visualization of antibacterial process.
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INTRODUCTION

In  recent  decades,  bioimaging,[1] such  as  magnetic  resonance
imaging  (MRI),[2−4] optical  imaging,[5−7] etc.,  has  been  an
essential  approach  for  pathological  analysis  as  well  as
biomedical research, which enabled the detection of biological
processes in vivo or in vitro.[8−12] As one of the most widely used
bioimaging  techniques,  fluorescence  imaging  could  provide
information  to  reflect  the  dynamic  reaction  process  of  specific
biomolecules.[13] Compared  with  other  microscopies  such  as
scanning  electron  microscopy  (SEM),[14−16] atomic  force  micro-
scopy  (AFM),[17−20] and  transmission  electron  microscopy
(TEM),[21−24] fluorescence imaging could provide real-time in situ
images  for  disease  theranostics.[25] For  instance,  Scocchi[26]

utilized  dipyrrometheneboron  difluoride  (BODIPY)  to  label
polymyxin B to visualize its interaction to bacteria, which could
help  study  the  antibacterial  mechanism.  However,  organic

fluorophores  often  suffer  from  high  susceptibility  to  photob-
leaching and limited specificity.[27,28]

Polymer vesicles, also known as polymersomes, have been
widely  applied in  biomedical  field  due to  their  hollow nano-
structure and compartmentalized domains with diverse func-
tionalities.[29−38] Amphiphilic  homopolymers,[39] polypepti-
des,[40] glycopeptides[41] and  other  block  copolymer[42] have
been  developed  for  preparing  functional  polymer  vesicles.
Among  them,  antimicrobial  peptides/polypeptides  based
vesicles  were  synthesized  with  broad-spectrum  antibacterial
activity to meet the challenge of antimicrobial resistance.[43,44]

For example, antimicrobial peptides/polypeptides based ves-
icles  exhibited  enhanced  antibacterial  activity  in  contrast  to
peptides/polypeptides alone due to the increased local posit-
ive charges and enhanced stability.[45−48] Besides antibacteri-
al  activities,  polymer  vesicles  have  also  been  endowed  with
fluorescence  property  by  encapsulating  organic  dyes.[38,49]

For  example,  Andreas  encapsulated  fluorescent  dyes  into
polymer vesicles to monitor membrane transport of peptides
in  real  time.[49] However,  the  unavoidable  leakage  and  pos-
sible  cytotoxicity  of  organic  dyes  could  be  a  problem  for in
situ real-time imaging.[38,50−53] Therefore, it would be of great
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value  to  integrate  intrinsic  fluorescence  and  antibacterial
activity together into polypeptide vesicles.

Herein, we designed and synthesized a polypeptide-based
vesicle  with  antibacterial  activity  and  intrinsic  blue  fluores-
cence  (Scheme  1).  At  first,  through  ring-opening  polymeri-
zation  of N-carboxyanhydrides  (NCAs)  with  poly(ε-capro-
lactone)-NH2 (PCL-NH2)  as initiator,  we synthesized a triblock
copolymer,  poly(ε-caprolactone)-block-poly(tryptophan)-
block-poly(lysine-stat-phenylalanine) [PCL25-b-PTrp2-b-P(Lys13-
stat-Phe4)],  which  could  assemble  into  vesicles  with  intrinsic
blue fluorescence. The biocompatible and biodegradable PCL
chains form the vesicle membrane, and the antibacterial poly-
peptides  [P(Lys-stat-Phe)]  coronas  provide  positive  charges
and  hydrophobic  effects.  In  addition,  the  polymerization  of
aromatic amino acids and formation of hydrogen bonds dur-
ing  self-assembly  would  induce  the  delocalization  of  elec-
trons  for  fluorescence  red  shift  to  visible  range,[54−56] which
could be applied to visualize the antibacterial process against
planktonic  bacteria.  Through  utilizing  the  intrinsic  fluores-
cence  of  vesicles,  real-time  visualization  of  interactions
between vesicles and bacteria was conducted using confocal
laser scanning microscopy (CLSM) to validate the specific ad-
hesion  of  vesicle  towards  bacteria  and  the  bacterial  death
through membrane disruption.

EXPERIMENTAL

Materials
N-ε-benzyloxycarbonyl-L-lysine,  L-phenylalanine,  hexane,  L-
tryptophan, α-pinene,  triphosgene, ε-caprolactone,  toluene, N-
Boc-ethanolamine, methanol, tetrahydrofuran (THF), dichlorom-
ethane,  trifluoroacetic  acid  (TFA),  sodium  sulfate  anhydrous,
hydrogen  bromide  (30%  in  acetic  acid),  acetone,  and N,N-
dimethylformamide  (DMF)  were  purchased  from  Aladdin.  THF
was  dried  by  reflux  for  1  day  in  the  presence  of  potassium

hydroxide  and  sodium  strips.  Stannous  2-ethylhexanoate
(Sn(Oct)2) was purchased from Sigma-Aldrich. CDCl3 and DMSO-
d6 were  purchased  from  J&K  Scientific  Ltd.  Gram-negative
bacterium (E. coli.  ATCC35218) and Gram-positive bacterium (S.
aureus, ATCC29213)  were  purchased  from  Nanjing  Bianzhen
Biological  Technology  Co.,  Ltd.  Other  chemicals  were  used
without further purification unless otherwise specified.

Synthesis of Copolymers

Synthesis of Z-Lys-NCA monomer
The  synthetic  routes  of  NCAs  are  shown  in  Fig.  S1  in  the
electronic  supplementary  information  (ESI). N-ε-benzyloxy-
carbonyl-L-lysine  (5.00  g,  34.5  mmol),  triphosgene  (3.80  g,
12.8 mmol)  and α-pinene (5.00 mL,  31.6 mmol)  were dissolved
in  THF  (100  mL)  in  a  round-bottom  flask  with  a  magnetic  flea.
The reaction solution was stirred and refluxed at 55 °C in an oil
bath for 4 h. The mixture would gradually turn clear in 4 h. Then
the  reaction  was  cooled  down  to  room  temperature.  The
mixture  was  precipitated  in  hexane  (600  mL)  with  fast  stirring
for three times. The obtained product could be used after 24 h
of drying in vacuum. The 1H-NMR spectrum is shown in Fig. S2
in ESI. Yield: ~90%.

Synthesis of Phe-NCA monomer
L-phenylalanine  (10.0  g,  58.5  mmol),  triphosgene  (12.0  g,
40.4 mmol)  and α-pinene (10.0 mL,  63.2 mmol)  were dissolved
in THF (150.0 mL) in a round-bottom flask with a magnetic flea.
The reaction solution was stirred and refluxed at 55 °C in an oil
bath for 4 h. The mixture would turn gradually clear in 4 h. The
reaction was allowed to cool to room temperature. Then 100 mL
of  THF  was  removed  by  rotary  evaporator  under  vacuum.  The
mixture  was  precipitated  in  hexane  (600  mL)  with  fast  stirring
for three times. The obtained product could be used after 24 h
of drying in vacuum. The 1H-NMR spectrum is shown in Fig. S3
in ESI. Yield: ~83%.

 
Scheme  1    Illustration  of  self-assembly  of  polypeptide-based  copolymers  into  vesicles  with  blue  emission  and  the
visualization of interactions between vesicles and bacteria during antimicrobial process.
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Synthesis of Trp-NCA monomer
L-tryptophan  (5.00  g,  24.3  mmol),  triphosgene  (4.00  g,
13.5  mmol)  and α-pinene  (10.0  mL,  63.2  mmol)  were  dissol-
ved  in  anhydrous  THF  (150  mL)  in  a  two-neck  round-bottom
flask  with  a  magnetic  flea.  Argon  gas  was  introduced  into the
flask  for  30  min  to  remove  oxygen.  Then  the  suspension  was
stirred  and  refluxed  at  55  °C  in  an  oil  bath  under  argon
protection  for  4  h.  The  mixture  would  gradually  turn  clear  in
4  h.  The  reaction  was  allowed  to  cool  to  room  temperature.
The  reaction  solution  was  quickly  poured  into  hexane
(900  mL)  and  then  recrystallized  at  –20  °C  for  12  h.  A  white
crystal  was  obtained  by  filtrating  the  reaction  solution.  The
obtained  product  could  be  used  after  24  h  of  drying  in
vacuum. All  operations need to be protected from light.  The
1H-NMR spectrum is shown in Fig. S4 in ESI. Yield: ~78%.

Synthesis of PCL-NH-Boc
ε-Caprolactone (30.00 g,  232.8 mmol)  was dissolved in  toluene
(600 mL) in a round-bottom flask with a magnetic flea. Toluene
and water (40.0 mL) were removed by azeotropic in an oil bath
at 140 °C. The mixture was cooled down to room temperature.
N-Boc-ethanolamine  (1.30  g,  8.06  mmol)  was  added  into  the
flask.  Argon  gas  was  introduced  into  the  flask  for  20  min  to
remove oxygen. Sn(Oct)2 (0.019 g, 0.044 mmol) was added into
the flask. Argon gas was introduced into the flask for 10 min to
remove oxygen.  The reaction solution was stirred and refluxed
at  110  °C  in  an  oil  bath  under  argon  protection  for 48  h.  The
toluene  was  removed  by  rotary  evaporator  under  vacuum.
The mixture was dissolved in dichloromethane (20.0 mL) and
was  precipitated  in  methanol  (200  mL)  at  –4  °C  with  fast
stirring for  three times.  The obtained product  could be used
after 24 h of drying in vacuum. The 1H-NMR spectrum and SEC
trace are shown in Figs. S5 and S6 in ESI. Yield: ~84%.

Synthesis of PCL-NH2
PCL-NH-Boc  (7.00  g)  was  dissolved  in  dichloromethane
(20.0  mL)  in  a  round-bottom  flask  with  a  magnetic  flea.  After
all  the  PCL-NH-Boc  was  dissolved,  TFA  (20.0  mL)  was  added
into  the  flask.  The  reaction  solution  was  stirred  at  room
temperature  for  4  h.  The  dichloromethane  was  removed  by
rotary evaporator under vacuum. The mixture was washed with
saturated  NaHCO3 (2×200  mL)  and  deionized  water  (2×
200  mL)  successively.  The  organic  phase  was  dissolved  in
dichloromethane  (80.0  mL)  and  was  dried  over  anhydrous
Na2SO4 and then the dichloromethane was removed via rotary
evaporator.  The  resulting  product  could  be  used  after  24  h  of
drying in vacuum. The 1H-NMR spectrum is shown in Fig. S7 in
ESI. Yield: ~56%.

Synthesis of PCL-b-PTrp-b-P[(Z-Lys)-stat-Phe]
PCL-NH2 (1.803  g)  and  L-Trp-NCA  (1.046  g)  were  dissolved  in
anhydrous  DMF  (20.0  mL)  in  a  round-bottom  flask  with  a
magnetic  flea.  The  reaction  solution  was  stirred  in  vacuum  at
room temperature for 48 h. Then Z-Lys-NCA (3.706 g) and Phe-
NCA (1.603 g) were added into the flask.

The  reaction  solution  was  stirred  in  vacuum  at  room  tem-
perature for 48 h. The mixture was obtained by dialysis in wa-
ter.  Finally,  the  product  was  obtained  by  freeze-drying  for
48 h. The 1H-NMR spectra are shown in Figs. S8 and S9 in ESI.
Yield: ~67%.

Synthesis of PCL-b-PTrp-b-P(Lys-stat-Phe)
PCL25-b-PTrp2-b-P[(Z-Lys)13-stat-Phe4)]  (1.00  g)  was  dissolved  in

HBr  (10.0  mL,  30% in  acetic  acid)  in  a  round-bottom flask  with
a  magnetic  flea.  The  reaction  solution  was  stirred  at  room
temperature  for  4  h.  The  mixture  was  precipitated  in  acetone
(250 mL) with fast stirring once. The mixture was centrifuged for
3  min  at  8000 r/min  and the  solid  at  the  bottom of  centrifuge
tube  was  dialyzed  in  water  for  48  h.  Finally,  the  product  was
obtained  by  freeze-drying  for  48  h.  The 1H-NMR  spectrum  is
shown in Fig. S10 in ESI. Yield: ~27%.

Self-assembly of Copolymers
PCL25-b-PTrp2-b-P(Lys13-stat-Phe4)  (10.0  mg)  was  dissolved  in
DMF  (2.0  mL).  One  drop  of  TFA  was  added  to  break  the
hydrogen  bonding  to  ensure  the  complete  dissolution  of  the
polymer.  Then,  deionized  water  (6.0  mL)  was  added  dropwise
into the solution by a burette with vigorous stirring for 10 min.
After stirring for another 30 min, the dispersion was transferred
into a dialysis tube and dialyzed against deionized water for 48
h to remove DMF and TFA.

Characterizations
The  molecular  weight  and  polydispersity  of  PCL25-b-PTrp2-b-
P(Lys13-stat-Phe4)  copolymer  were  determined  by  a  size
exclusion  chromatography  (SEC)  performed  at  35  °C  using  a
Waters  Breeze  1525  GPC  analysis  system  with  two  PL  mix-D
columns. HPLC grade THF was used as an eluent with a flow rate
of  1.0  mL/min  at  35  °C  and  the  samples  were  calibrated  with
PEO standard samples. The polymer (10.0 mg) was dissolved in
2.0  mL  of  DMF  and  filtered  before  analysis.  Differences  for  the
molecular  weight  between  SEC  and 1H-NMR  results  can  be
ascribed to calibration with PEO standard samples of SEC.

The 1H-NMR  spectra  were  recorded  using  a  Bruker  AV
400  MHz  spectrometer  at  room  temperature,  with  DMSO-d6

or CDCl3 as solvent. In order to promote the dissolution of the
PCL25-b-PTrp2-b-P(Lys13-stat-Phe4),  a  drop  of  CF3COOD  was
added to break the hydrogen bonding in polypeptides.

The DLS studies of aqueous polypeptide-based vesicle dis-
persion  were  conducted  for  four  times  using  a  ZETASIZER
Nano series instrument (Malvern Instruments ZS 90) at a scat-
tering angle of 90°. Disposable cuvettes were used to analyze
the  aqueous  vesicle  dispersion.  The  data  were  processed  by
cumulative analysis  of  the experimental  correlation function.
The diameters  of  the vesicles  were calculated from the com-
puted  diffusion  coefficients  using  the  Stokes-Einstein  equa-
tion.

TEM images were taken by a JEOL JEM-2100F instrument at
200 kV equipped with a Gatan 894 Ultrascan 1000 CCD cam-
era.  Vesicle  dispersion  (5.0  μL)  was  dropped  on  the  carbon-
coated  copper  grid  and  dried  at  ambient  environment  for
12 h. A neutral phosphotungstic acid solution (1%, pH=7) was
used to stain the copper grid for 1 min.

The zeta potential study of aqueous vesicle dispersion was
determined  using  Nano-ZS  90  Nanosizer  (Malvern  Instru-
ments  Ltd.,  Worcestershire,  U.K.)  at  a  fixed  scattering  angle
of 90°.

The  critical  vesiculation  concentration  of  the  vesicles  is
defined  as  the  lowest  concentration  of  polymers  to  self-as-
semble  into  vesicles  in  water.  Pyrene  (2.0  mg)  was  dissolved
in acetone (12.5 mL).  Then,  the solution (10.0 μL)  was added
into the centrifuge tubes and dried overnight. The vesicle dis-
persion was  diluted with  deionized water  to  a  range of  con-
centrations (2000 μg/mL to 16.0 μg/mL) and added into cent-
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rifuge  tubes  respectively.  The  vesicle  dispersion  was  stirred
overnight.  Fluorescence  intensity  of  each  sample  was  meas-
ured  at  334  nm via a  Lumina  Fluorescence  Spectrometer
(Thermo  Fisher).  The  intensity  of I1 (373  nm)  was  chosen  as
the vibronic bands. The intensity values against the common
logarithm (log) of the concentration of each sample were di-
vided  into  two  groups  and  processed  by  the  same  linear  fit.
Finally,  the two lines intersected at one point,  and the log of
concentration at this point is the CVC of the vesicles.

Antibacterial Tests against Planktonic Bacteria

Minimum inhibitory concentration (MIC)
The minimum inhibitory concentration (MIC) of the antibacterial
polypeptide-based  vesicles  was  determined  by  the  broth
microdilution assay.[43] E. coli and S. aureus were cultivated in the
LB  medium  (0.100  g/mL)  in  an  oven  at  37  °C  for  12  h.  The
bacterial  suspension  (10.0  μL)  was  added  into  the  LB  medium
(10.0  mL)  to  make the  diluted bacteria  suspension.  The vesicle
dispersion  was  diluted  with  the  LB  broth  to  a  range  of
concentrations (2000 μg/mL to 16.0 μg/mL). The diluted vesicle
dispersions  (100  μL)  were  placed  on  the  96-well  culture  plate.
Then  LB  medium  (100.0  μL)  containing  diluted  bacteria  was
mixed with the diluted vesicle dispersion on the 96-well culture
plate.  The  LB  medium  (100.0  μL)  containing  bacteria  without
vesicle  dispersion  was  used  as  control.  The  96-well  plate  was
cultured in a shaking bed at 37 °C for 24 h.  The MIC value was
obtained  by  observing  the  growth  of  bacteria  with  the  naked
eye.  All  the  results  were  obtained  from  independent  experi-
ments repeated for three times.

Dynamic antibacterial experiment
The  diluted  bacteria  suspension  was  prepared  as  described
above.[43] The  diluted  bacteria  suspensions  (180.0  μL)  were
placed on the 96-well culture plate. Then vesicle dispersion was
diluted  to  a  range  of  concentrations  (0.2  mL,  1000.0  μg/mL  to
50.0  μg/mL)  and  added  into  the  96-well  culture  plate.  The  96-
well plate was cultured in a shaking bed at 37 °C. Water (0.2 mL)
was  added  into  the  96-well  culture  plate  used  as  control.  The
optical  density (OD) of the mixed suspension was measured at
600  nm  of  wavelength  at  intervals  during  incubation.  All  the
results were obtained from independent experiments repeated
for three times.

Minimum bactericidal concentration (MBC)
The minimum bactericidal concentration (MBC) was determined
by  standard  plate  counting  method.[43] The  mixed  suspension
in  the  clear  well  of  the  96-well  plate  in  the  above  experiment
was  diluted  for  10  times,  100  times  and  1000  times  with  PBS,
respectively.  The same operation was performed in the control
group. The LB agar (10.0 mL, 0.100 g/mL) and the diluted mixed
suspension  (100.0  μL)  were  added  into  the  culture  plate.  The
culture  plates  were  shaken  gently  to  mix  the  suspension  well.
Then  culture  plates  were  cultured  in  37  °C  for  48  h.  The  MBC
value  was  obtained  by  observing  the  growth  of  bacteria  with
the naked eye. All the results were obtained from independent
experiments repeated for three times.

Visualization of Antibacterial Process
Method  I.  300  μL  of  bacteria  suspension  (E. coli,  ~109 colony-
forming  units  (CFU)/mL)  was  added  to  1.0  mL  of  vesicle
dispersion  (5.0  mg/mL),  and  incubated  together  in  a  shaking
bed at  37 °C for  0 h,  1 h and 4 h.  Then,  the mixture dispersion

was centrifugated at 6000 r/min for 15 min and resuspended in
300  μL  of  PBS  containing  0.5  μL  of  SYTO  9  dye  solution  and
0.5  μL  of  propidium  iodide  solution  (L7012  live/dead  Bac-
Light,  Thermo  Fisher  Scientific)  for  15  min  in  the  dark  at  37  °C
after  removing  the  supernatant.  Centrifugation  was  perfor-
med  again  at  6000  r/min  and  resuspended  the  deposit  in
100.0 μL of PBS to obtain the dyed sample. The rest operations
are the same as above.

Method II.  The breakage of bacterial  membrane under the
treatment  of  vesicles  was  revealed  by  Confocal  laser  scan-
ning  microscopy  (CLSM).  200  μL  of  bacteria  suspension  (E.
coli,  ~109 colony-forming  units  (CFU)/mL)  was  added  to  1.0
mL of vesicle dispersion (5.0 mg/mL), and incubated together
in a shaking bed at  37 °C for  0 h and 4 h,  respectively.  Then,
the mixture dispersion was centrifugated at 6000 r/min for 15
min and resuspended in 1.0 mL of PBS after removing the su-
pernatant.  1.0 μL of  Nile red (2.0 mg/mL in acetone) was ad-
ded  to  this  culture  to  stain  the  bacterial  membranes.  Sub-
sequently,  1.0  μL  of  the  dispersion  mentioned  above  was
dropped on a clean glass slide and covered with a circle cov-
er slip. After sealing the edge of slides with moderate nail pol-
ish, the samples were observed under a 63×oil immersion ob-
jective of an inverted microscope.[57]

RESULTS AND DISCUSSION

Synthesis and Self-assembly of Copolymers
The  antibacterial  polypeptide-based  polymer  was  synthesized
by  ring-opening  polymerizations  of  PCL-NH2 and  (Z)-Lys-N-
carboxyanhydride  (Z-Lys-NCA),  Phe-NCA,  and  Trp-NCA  mono-
mers,  as  we  previously  reported.[58−60] The  synthetic  route  is
shown  in Fig.  1.  First, Z-Lys-NCA,  Phe-NCA  and  Trp-NCA
monomers  were  synthesized  by  NCA  ring  forming  reaction.
Second, N-(tert-butoxycarbonyl)-2-aminoethanol  initiated  ring-
opening polymerization of ε-caprolactone under the catalysis of
stannous  2-ethylhexanoate  (Sn(Oct)2)  to  afford  PCL-NH-Boc.
Third,  PCL-NH-Boc  was  deprotected  in  the  presence  of  TFA  to
obtain  PCL-NH2.  Fourth,  L-Trp-NCA  was  dissolved  with  a  DMF
solution  of  PCL-NH2 for  ring-opening  polymerization  to  afford
PCL-b-PTrp.  After  purification,  PCL-b-PTrp, Z-Lys-NCA  and  Phe-
NCA were dissolved in DMF for ring-opening polymerization to
afford PCL-b-PTrp-b-P[(Z-Lys)-stat-Phe]. Finally, lysine units were
deprotected  and  purified  to  obtain  PCL-b-PTrp-b-P(Lys-stat-
Phe). The proton nuclear magnetic resonance (1H-NMR) spectra
and size exclusion chromatography (SEC) results are provided in
Figs.  S2−S10  in  ESI  which  validated  the  successful  synthesis  of
the polypeptide-based polymers.

Preparation of Polypeptide-based Vesicles
The  antibacterial  polymer  was  self-assembled  into  vesicles  in
the  mixture  of  DMF/H2O  (1/3, V/V)  by  solvent  switch
method.[61−63] The dispersion was transferred into a dialysis tube
and  dialyzed  to  remove  DMF.  Finally,  the  PCL  block  and  Trp
block  form  the  membrane  of  the  vesicle  and  partially
hydrophilic  moieties  and  Lys  block  form  the  corona  of  the
vesicle.

To study the physicochemical properties of the vesicles, dy-
namic  light  scattering  (DLS),  TEM  and  fluorescence  spectro-
meter were utilized. DLS results (Fig. 2a) revealed that the ves-
icles have a Z-averaged hydrodynamic diameter of about 372
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nm  with  a  polydispersity  index  (PDI)  of  0.256.  TEM  images
(Fig.  2b)  indicated that  the assemblies  have a  hollow spheri-
cal  structure  with  a  number-averaged  diameter  of  about

400  nm,  which  is  consistent  with  the  results  of  DLS  analysis.
As shown in Fig.  S11 in ESI,  the CVC of the synthesized poly-
mer  is  30.1  μg/mL.  Besides,  the  biodegradation  of  the  ves-
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Fig.  2    (a)  DLS  analysis  of  vesicles;  (b)  TEM  images  of  vesicles;  (c)  Count  rate  variation  of  vesicles  during  enzyme-catalyzed
degradation; (d) Fluorescence spectra of tryptophan and vesicles.
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icles  was  studied  using  trypsin  (Fig.  2c),  indicating  that  over
50% of vesicles were degraded within 2 h in the presence of
800 μg/mL of trypsin and more than 95% of vesicles were de-
graded  after  48  h.  In  addition,  the  fluorescence  property  of
vesicles was studied.  After  polymerization and self-assembly,
the  emission  maximum  was  shifted  from  354  nm  of  trypto-
phan  in  the  ultraviolet  range  to  436  nm  in  the  visible  range
(Fig.  2d).  Such  fluorescence  red  shift  could  be  attributed  to
the  delocalization  of  related  electrons  within  the  hydrogen
binds within and between the polypeptides.

Visualization of Antibacterial Process
E.  coli (ATCC35218)  and S.  aureus (ATCC29213)  were  used  to
represent  Gram-negative  and  Gram-positive  bacteria  for  visu-
alization of antibacterial process, respectively.[38,64,65] In order to
verify  the  antibacterial  property  of  vesicles,  MIC  (minimum
inhibitory  concentration)  and  MBC  (minimum  bactericidal
concentration)  values  were  determined  by  means  of  96-well
plate method and plate counting method (Table S1 and Fig. S12
in ESI). Also, in order to verify the dynamic antibacterial activity
of vesicles, the optical densities of bacterial suspension with and
without treatment were analyzed (Figs. 3a−3d). Meanwhile, the
CVC of  PCL25-b-PTrp2-b-P(Lys13-stat-Phe4)  is  lower than the MIC
values,  indicating that  the growth of  bacteria  was  inhibited by
vesicles, rather than polypeptides alone.

Furthermore, LIVE/DEADTM BacLightTM Bacterial Viability Kit
was  used  to  visually  assess  the  antibacterial  activity  of  ves-

icles  (Fig.  4).  Live  bacteria  with  an  intact  membrane  were
stained  green  whereas  dead  bacteria  with  a  compromised
membrane were stained red. Nearly all the bacteria were alive
at  the beginning (Fig.  4a)  before treated with vesicles.  While
after  4  h  of  vesicle  treatment,  most  of  them went  dead with
clear  red  fluorescence  (Fig.  4b),  validating  the  antibacterial
activity of vesicles against planktonic bacteria.

Utilizing  the  intrinsic  blue  fluorescence  of  polypeptide
based  vesicles,  real-time  fluorescence  imaging  was  conduc-
ted to study the changes of bacterial membranes during anti-
bacterial  process  (Fig.  5).  To  obtain  a  clear  visualization  of
bacterial  membrane,  Nile  red  was  applied  as  a  lipophilic  cell
membrane stain.[57] Before treatment with polypeptide-based
vesicles, clear and intact bacterial membrane with red fluores-
cence was observed under CLSM (Fig.  5a).  At  the same time,
no  blue  fluorescence  was  captured  from  bacteria  alone
(Fig.  5a).  Meanwhile,  after  treated  with  polypeptide-based
vesicles  for  4  h,  both  blue  and  red  fluorescences  were  ob-
served  from  bacteria  (Fig.  5b).  It  is  noteworthy  that  the  blue
fluorescence  from  vesicles  was  captured  from  both  bacterial
membrane and cytoplasm, indicating selective targeting cap-
ability  of  vesicles  towards  bacteria.  It  can  be  attributed  to
electrostatic interactions between positively-charged vesicles
(zeta  potential  at  +56  mV)  and  negatively-charged  bacterial
membrane.  Also,  discontinued  and  aggregated  red  fluores-
cence  was  observed  from  the  bacterial  membrane  (Fig.  5b).
Such  discontinuity  of  bacterial  membrane  could  be  ascribed

0

0.2

0.4

0.6

0.8

1.0
a b

c d

O
D

 a
t 

60
0 

n
m

Time (h)

Control
 500 mg/mL 
 600 mg/mL 
 700 mg/mL 
 800 mg/mL 
 900 mg/mL 

Vesicles against E. coli 

0

0.3

0.6

0.9

1.2

O
D

 a
t 

60
0 

n
m

Vesicles against S. aureus 
Control
31.25 mg/mL
62.5 mg/mL
125 mg/mL
250 mg/mL
500 mg/mL

400 500 600 700 800 900 1000
0

0.2

0.4

0.6

0.8

1.0

O
D

 a
t 

60
0 

n
m

Concentration of vesicles (mg/mL)

Vesicles against E. coli 
0.5  h
8.5  h
24  h

0.5  h
8.5  h
24  h

0 100 200 300 400 500 600
0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Concentration of vesicles (mg/mL) 

O
D

 a
t 

60
0 

n
m

Vesicles against S. aureus 

0.5 2.5 4.5 6.5 8.5 10.5 12.5 24.0
Time (h)

0.5 2.5 4.5 6.5 8.5 10.5 12.5 24.0

 
Fig.  3    (a,  b)  Dose-dependent  growth  inhibition  of  bacteria  in  the  presence  of  vesicles;  (c,  d)  Absorbance  of  different  vesicle
concentrations at 0.5, 8.5 and 24 h.
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to  the  phenyl  groups  of  phenylalanine  and  tryptophan  pier-
cing into the bacteria membrane, which destroyed the mem-
brane integrity.

CONCLUSIONS

In  summary,  we  have  developed  a  polypeptide-based  vesicle
that  possesses  visible  blue  fluorescence  without  introducing
any fluorophore for  visualization of  antibacterial  process.  Thro-
ugh modular design to integrate multiple functional fragments,
PCL25-b-PTrp2-b-P(Lys13-stat-Phe4)  copolymer  was  synthesized,
where PCL chains form the hydrophobic membrane, P(Lys-stat-
Phe)  and  PTrp  provide  intrinsic  fluorescence  and  broad-
spectrum antibacterial activity. Meanwhile, after polymerization
and  self-assembly,  the  fluorescence  emission  was  shifted  from
invisible  ultraviolet  range  of  amino  acids  to  visible  range
(emission maximum at 436 nm), which offers an opportunity for
real-time  monitoring  the  interaction  between  polypeptide-
based  vesicles  and  bacteria.  Moreover,  through  utilizing  the
intrinsic fluorescence of vesicles, confocal fluorescence imaging
of  vesicles  with  bacteria  validated  the  specific  adhesion  of
vesicle  towards  bacteria  and  the  bacterial  death  through
membrane disruption. Overall,  we have developed a new class
of  biodegradable  polypeptide-based  vesicles  with  intrinsic

fluorescence  for  visualization  of  antibacterial  process,  which
could be a promising imaging approach in biomedical research
field.
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