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Abstract   Antimicrobial peptides (AMPs) have been considered as an alternative to small molecule antibiotics since they are difficult to develop

antimicrobial resistance. Hyperbranched polylysine (HPL), an AMP mimics, has gained attention due to its broad-spectrum antibacterial activities,

but  it  also  suffers  from  high  toxicity.  Here  we  report  a  facile  strategy  to  engineer  the  toxicity  of  HPL  by  copolymerizing  lysine  (K)  with  a

hydrophobic amino acid, e.g., alanine (A), tryptophan (W) or phenylalanine (F), to afford hyperbranched random copolymers. These copolymers

have  comparable  antibacterial  activities  to  HPL  while  their  cytotoxicities  and in  vivo toxicities  are  lowered  when  the  type  and  content  of

hydrophobic  amino  acid  and  the  size  of  copolymers  are  optimized.  The G.  mellonella infection  model  demonstrates  that  the  copolymers  are

effective against the S. aureus infection in vivo. The copolymers kill the bacteria through the disruption of cell membranes and the bacteria do not

develop resistance to the copolymers.
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INTRODUCTION

Antibiotics  have  saved  countless  lives  since  their
development,[1] however,  the  development  of  antimicrobial
resistance  (AMR)  also  poses  threats  to  our  health  due  to  the
abuse of antibiotics.[2−5] In contrast to small molecule antibiotics,
antimicrobial peptides (AMPs) kill microbes mainly by disrupting
the  cell  membrane,  which  reduces  the  possibility  to  develop
AMR.[6,7] As a result, AMP is a viable alternative to small molecule
antibiotics  in  the  fight  against  superbug.[8−10] However,  the
therapeutic  application  of  AMP  is  limited  by  its  systematic
toxicity, lability to proteases, short half-life, and deleterious pro-
inflammatory responses.[9,11−13]

To  overcome  these  restrictions,  scientists  are  working  to
develop AMP-mimicking polymers that can retain antibacteri-
al  properties  while  offering  excellent  biocompatibility.[14,15]

Poly(amino  acid)s  (PAAs)  have  emerged  as  one  of  the  pro-
mising  AMP-mimicking  candidates.[16] Among  various  PAAs,
α-poly(L-lysine)  (α-PL)  exhibits  broad-spectrum  antibacterial
activities and can be synthesized by ring-opening polymeriza-
tion  of  lysine N-carboxyanhydride  (NCA),  but  it  suffers  from
the high cytotoxicity.[17−20] Efforts have been made to modu-

late the antibacterial  activity  and toxicity  of  polylysine by in-
troducing  hydrophobic  amino  acids.  Zhou et  al. first  applied
NCA  polymerization  to  synthesize  copolymers  with  lysine  as
the hydrophilic amino acid and alanine, phenylalanine or leu-
cine  as  the  hydrophobic  amino  acid.[21] They  found  that  the
poly(lysine-ran-phenylalanine)  (PKF)  copolymers  contained
40%−80% hydrophobic phenylalanine residue had higher an-
tibacterial  activity  than  polylysine,  but  the  copolymer  with
the  best  antibacterial  properties  (P(K10F15))  possessed  a  high
hemolytic activity. Zhou et al. studied the length effect of the
phenylalanine  block  on  the  antibacterial  activity  of  triblock
copeptides,  and  found  that  K10-b-F20-b-K10 had  higher  anti-
bacterial activities against E. coli and S. aureus than K10-b-F10-
b-K10 and  K10-b-F30-b-K10 while  the  hemolytic  toxicity  of  trib-
lock  copeptides  increased  with  the  increase  of  the
phenylalanine block length.[22] Lam et al. reported that struc-
turally  nanoengineered  antimicrobial  peptide  polymers
(SNAPPs) containing valine exhibited significantly greater an-
tibacterial  activity  than  those  without  valine,  but  they  had
non-negligible  cytotoxicity  and  the  selectivity, i.e.,  IC50/MBC,
of  SNAPPs  was  only  ~2.[23] Chen et  al. modified  star-shaped
poly(L-lysine)  with  tryptophan  to  give  6-armed  PLL20-g-
indo0.2.  The  cytotoxicity  of  6-armed  PLL20-g-indo0.2 was  re-
duced, but its antibacterial activity against K. pneumoniae and
S. aureus also decreased.[24]

In  addition, ε-poly(L-lysine)  (ε-PL)  also  has  excellent  anti-
bacterial activities against both Gram-positive and Gram-neg-
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ative  bacteria  and  high  biocompatibility,  which  plays  an  im-
portant role in many fields such as food preservation.[17,25−30]

The commercial production of ε-PL is overly reliant on Strepto-
myces  albulus,  which  limits  the  expansion  of  the  production
capability.[31] Compared  to  the  linear  analogues ε-PL  and α-
PL, hyperbranched polylysine (HPL) can be easily synthesized
by  one-pot  thermal  polymerization  of  lysine,[32−34] and  has
been proved to exhibit excellent antibacterial activities.[35] Al-
though HPL has been studied as the carrier for gene delivery,
its  cytotoxicity  is  still  a  critical  concern  for  its  potential  bio-
medical application.[36−38] However, there has no study on the
reduction of the toxicity of HPL. In this study, we synthesized
hyperbranched  random  copolymers  by  copolymerization  of
lysine  and  a  hydrophobic  amino  acid, e.g.,  alanine,  trypto-
phan  or  phenylalanine,  through  facile  thermal  condensation
to  engineer  the  antibacterial  activities  and  toxicities.  The  ef-
fect  of  the  type  and  content  of  the  hydrophobic  amino  acid
on  their  cytotoxicities  and  antibacterial  activities  against
Gram-positive  bacteria  and  Gram-negative  bacteria  was  in-
vestigated.  Compared  to  HPL,  hyperbranched  random  co-
polymers  had  reduced  cytotoxicity,  increased  selectivity
between bacteria and mammalian cells, and improved killing
kinetics. In addition, all copolymers were effective in the treat-
ment of S. aureus-infected G. mellonella larvae.

EXPERIMENTAL

Materials and Characterization
L-lysine, L-alanine, L-tryptophan, L-phenylalanine, ciprofloxacin,
dimethyl  sulfoxide  (DMSO),  glutaric  dialdehyde  and  Triton  X-
100  were  obtained  from  Aladdin  Co.,  Ltd.
Methylthiazolyldiphenyl-tetrazolium  bromide  (MTT)  reagent
and Trypsin-EDTA solution were obtained from Beijing Solarbio
Science & Technology Co., Ltd. LIVE/DEAD Bacterial Staining Kit
(BBcellProbe® N01/PI)  were  obtained  from  Bestbio  Co.,  Ltd.
Luria-Bertani Broth (LB),  Mueller-Hinton Broth (MHB) and Luria-
Bertani-Agar (LB-Agar) were purchased from Qingdao Hope bio-
Technology  Co.,  Ltd.  Fetal  bovine  serum  (FBS)  was  purchased
from  Tianjin  Kangyuan  Biotechnology  Co.,  Ltd.  Roswell  Park
Memorial Institute (RPMI) 1640 Media and Dulbecco's Modified
Eagle Medium (DMEM) were purchased from Gibco Co.,  Ltd. E.
coli (ATCC  8739), P.  aeruginosa (ATCC  9027), S.  aureus (ATCC
25923)  and  Methicillin-resistant Staphylococcus  aureus (MRSA)
(ATCC 43300) were purchased from Shanghai Luwei Technology
Co.,  Ltd.  NIH  3T3  mouse  fibroblast  cells  were  purchased  from
Procell  Life  Science  &  Technology  Co.,  Ltd. G.  mellonella larvae
were purchased from Henan Jiyuan Baiyun Industry Co., Ltd. 1H-
NMR  and 13C-NMR  spectra  were  recorded  on  a  Bruker  AV500
NMR  spectrometer  with  D2O  as  the  solvent.  An  Agilent  gel
permeation chromatography (GPC) was used to determine the
molecular  weights.  The  eluent  was  a  buffer  containing  280
mmol/L acetic acid and 20 mmol/L sodium acetate (pH 3.6) and
was filtered with a 0.22 μm pore size membrane before use. The
eluent  flow  rate  was  1.0  mL/min  at  35  °C.  The  dynamic  light
scattering (DLS) technique was used to measure particle sizes in
the  Zetasizer  Nano  ZS90  by  Malvern  Panalytical.  The
morphologies  of  the  microorganisms  were  characterized  by
field emission scanning electron microscopy (Zeiss, Merlin) at an
accelerating voltage of 1 kV.

Synthesis and Characterization of Copolymers
A  series  of  lysine-based  hyperbranched  random  copolymers
were synthesized by copolymerization of L-lysine with L-alanine,
L-tryptophan  or  L-phenylalanine.  A  representative  synthesis
procedure is detailed for PKA10-1. L-lysine (1.316 g, 9 mmol) and
L-alanine (0.089 g,  1 mmol) were completely dissolved in 5 mL
of  distilled  water,  and  the  mixture  was  deoxygenated  using
ultrapure nitrogen for 30 min. The solution was heated at 180 °C
for  6  h  under  a  nitrogen  atmosphere.  The  final  product  was
dissolved in ethanol and precipitated in ethyl acetate to yield a
slightly  yellow  solid  (1.236  g,  88%).  By  changing  the  feed  ratio
and  reaction  time  of  PKA,  PKW  or  PKF,  a  series  of  copolymers
could be obtained.

In vitro Antibacterial Activity
The  antibacterial  susceptibility  testing  of  the  polymers  was
carried  out  according  to  the  modified  standard  of  the  Clinical
Laboratory  Standard  Institute  (CLSI)  M07-A9.  To  obtain  a  12
mg/mL  stock  solution,  the  polymers  were  dissolved  in
phosphate-buffered  saline  (PBS).  The  stock  solution  was  then
diluted  using  the  double  dilution  method  to  obtain  various
concentrations  of  6,  3,  1.5,  0.75,  0.375,  0.188,  0.094,  0.048  and
0.024 mg/mL. The bacteria were precultured in the LB broth at
37  °C  to  the  mid-logarithmic  phase  and  the  suspensions  were
diluted to a  concentration of  106 CFU/mL.  Then,  25 μL of  each
diluted  polymer  solution  was  added  to  96-well  microplate,
followed by adding 175 μL of the bacteria suspension to reach
the  final  polymer  concentration  of  1500,  750,  375,  188,  94,  48,
24, 12, 6 and 3 μg/mL. The microplates were incubated at 37 °C
for  18−22  h.  The  absorbance  value  at  600  nm  (OD600)  was
measured using an enzyme labeling instrument (Tecan Infinite
F50). The minimum inhibitory concentration (MIC) is defined as
the  lowest  concentration  of  polymer  that  completely  inhibits
growth by more than 90%.

In vitro Hemolytic Activity
Fresh rabbit blood was collected in EDTA Vacutainer tubes and
washed three times with PBS before erythrocyte was diluted to
2% with PBS. 175 μL of the erythrocyte suspension and 25 μL of
the polymer solution were added to a 96-well plate and shaken
for 1 h at 37 °C, followed by centrifugation for 8 min at 2000 × g.
0.8%  Triton  X-100  in  PBS  was  used  as  a  positive  control,  while
PBS was used as a negative control. The OD value at 540 nm was
measured  and  the  hemolysis  percentage  was  calculated  using
the equation:

Hemolysis (%) = Ad − An

Ap − An
× 100% (1)

where Ad is  the absorbance of  the suspension of  cells  cultured
with the polymer, An is the absorbance of the suspension of cells
cultured  with  PBS  as  a  negative  control,  and Ap is  the
absorbance of the suspension of cells cultured with Triton X-100
as  a  positive  control.  The  HC10 value  is  defined  as  the
concentration at which the hemolysis percentage is 10%.

In vitro Cytotoxicity Assay
The in vitro cytotoxicity of polymers was evaluated by the MTT
assay using mouse fibroblast cells (NIH 3T3). NIH 3T3 cells were
cultured in DMEM containing 10% fetal  bovine serum and 100
U/mL  penicillin/streptomycin  in  a  plastic  culture  dish  at  37  °C
and 5% CO2. When cells adhered densely to the culture dish, the
number of cells was adjusted to 105 cells per mL with DMEM to
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inoculate  into  a  96-well  plate.  After  18  h  of  culturing,  the
medium was immediately changed to 175 μL of RPMI 1640 and
25  μL  of  the  polymer  solution  was  added  and  the  suspension
was cultured for 24 h at 37 °C with 5% CO2. Subsequently, 20 μL
of  the MTT buffer  was  added to  each well  and the suspension
was cultured for another 4 h. After removing the MTT medium,
200  μL  of  DMSO  was  added  into  each  well  and  the  plate  was
shaken  at  37  °C  for  15  min.  The  OD  value  at  490  nm  was
measured  and  the  cell  survival  ratio  was  calculated  using  the
equation:

Cell survival ratio (%) = Ad − An

Ap − An
× 100% (2)

where Ad is  the absorbance of  the suspension of  cells  cultured
with the polymer, Ap is the absorbance of the suspension of cells
cultured  with  PBS  as  a  control,  and An is  the  absorbance  of
DMSO  as  a  blank  control.  The  IC20 value  is  defined  as  the
concentration at which the cell survival ratio is reduced to 80%.

Time-kill Assay
The  strains  (E.  coli and S.  aureus)  were  precultured  in  the  LB
broth  at  37  °C  to  the  mid-logarithmic  phase  and  then  washed
with PBS for three times. The bacteria suspensions were diluted
to  approximately  106 CFU/mL  with  fresh  MHB,  and  then  were
treated  with  the  polymer  at  the  concentration  of  1×MIC.  The
group untreated with polymer served as a control. 20 μL of the
suspension was removed at 0, 0.5 ,1, 2, 3, 4 and 6 h, and diluted
to  the  appropriate  concentration  with  PBS.  100  μL  of  the
solution was then streaked onto agar plates and incubated at 37
°C for 24 h. The Colony Forming Units (CFU) were counted and
the dilution factor was recalculated.

Resistance Studies
The  strains  (E.  coli and S.  aureus)  were  cultured  to  the  mid-
logarithmic  phase  and  diluted  to  106 CFU/mL.  The  bacteria
suspension was treated with the polymer at  the concentration
of 1/2×MIC at 37 °C for 24 h and the MIC value was determined
according to CSLI  M07-A9.  The strains  were allowed to regrow
and treated with the polymer for the subsequent passage. The
MIC  value  was  used  to  monitor  the  development  of  drug
resistance  over  12  passages.  Ciprofloxacin  was  used  as  the
control.

In vivo Toxicity
The in  vivo toxicities  of  the  polymers  were  implemented  by G.
mellonella larvae.  All  animal  procedures  were  carried  out  in
accordance with the published protocol.[39] Healthy larvae (2−3
cm and 200−300 mg) were starved for 24 h prior to injection. 10
μL of the polymer solution at the concentration of 30 mg/kg, 60
mg/kg,  100  mg/kg  or  120  mg/kg  was  injected  into  the
hemocoel  of  larvae via the  last  left  proleg  using  the
microsyringe.  After  injection,  larvae were incubated for  96 h at
37  °C  and  60%  relative  humidity  in  plastic  containers  and  the
number  of  dead  larvae  was  counted  every  24  h.  The  control
group was treated with PBS.

The G. mellonella Infection Model
Healthy  larvae  were  selected  24  h  before  being  injected  and
then  starved. S.  aureus was  cultured  to  mid-log  growth,  then
washed  twice  with  PBS  and  then  diluted  in  PBS  to  different
bacterial  concentrations.  10 μL of the bacterial  suspension was
injected into the hemocoel of larvae via the last left proleg using

the  microsyringe.  After  1  h,  10  μL  of  polymer  solution  at  a
concentration of 60 mg/kg was injected into a different proleg.
Two  control  groups  were  used:  one  was  given  PBS,  and  the
other was given ciprofloxacin solution at a concentration of 20
mg/kg. The larvae were kept in the dark at 37 °C for 96 h after
infection.  When  larvae  did  not  respond  to  shaking,  they  were
considered dead. The number of dead larvae was counted every
24 h. For each group of experiments, 30 larvae were injected.

Skin Irritation Test in Mice
Eight-week-old KM mice were shaved on the upper back (1 cm2)
by an electrical  razor and were divided into reasonable groups
of  three  mice  each.  200  μL  of  the  polymer  solution  with  a
concentration  of  400  μg/mL  in  PBS  was  smeared  on  their  skin
twice per  day for  seven days.  The polymer  was  wiped off  with
distilled  water  after  15  min  of  exposure.  PBS-treated  mice  and
untreated mice were used as controls. The mice were sacrificed
and  the  skins  were  harvested  following  the  final  topical
administration.  After  being  fixed  in  4%  formalin,  the  skin  was
embedded  in  paraffin.  Tissue  sections  were  stained  with
hematoxylin and eosin (H&E) to assay the skin sensitivity.

Morphology of Bacteria
The  strains  (E.  coli and S.  aureus)  were  precultured  in  the  LB
broth  at  37  °C  to  the  mid-logarithmic  phase  and  then  washed
with PBS for three times. The suspension was then treated with
the polymer solution with the concentration of 4×MIC at 37 °C.
After  being  treated  for  4  h,  the  suspension  was  centrifugated
and  washed  with  PBS.  The  bacteria  were  fixed  overnight  with
2.5%  of  glutaraldehyde  at  4  °C.  The  samples  were  then
sequentially  dehydrated  with  30%,  50%,  60%,  70%,  80%,  90%
and 100% aqueous ethanol solutions. Following the final wash,
the bacteria were suspended in anhydrous ethanol and a drop
of the suspension was transferred onto a silicon wafer. The cell
morphology was imaged using field emission scanning electron
microscope  (FE-SEM)  after  sputtering  the  silicon  wafers  with
gold layers.

LIVE/DEAD BacLight™ Bacterial Viability Assay
Bacteria  in  the  mid-logarithmic  phase  were  incubated  and
diluted  with  PBS  (E.  coli for  108 CFU/mL  and S.  aureus for  107

CFU/mL).  The  suspension  was  then  treated  with  the  polymer
with the concentration of  4×MIC at  37 °C for  4 h,  washed with
the  saline,  stained  in  the  dark  at  37  °C  for  15  min  with
BBcellProbe® N01/PI,  and  then  washed  with  the  saline.  5  μL  of
stained  bacteria  was  dropped  onto  clean  coverslip-covered
slides and the cells were imaged with fluorescence microscopy.

RESULTS AND DISCUSSION

Synthesis and Characterization of Copolymers
To investigate the effect of the type of the hydrophobic amino
acid  on  their  bioactivities,  a  series  of  hyperbranched  random
copolymers  containing  lysine  and  a  hydrophobic  amino  acid,
e.g.,  alanine,  tryptophan  or  phenylalanine,  poly(lysine-co-
alanine)  (PKAx,  where x is  the  mol%  of  alanine  in  the  feed),
poly(lysine-co-tryptophan)  (PKW10,  containing  10  mol%  of
tryptophan  in  the  feed)  and  poly(lysine-co-phenylalanine)
(PKF10, containing 10 mol% of phenylalanine in the feed), were
successfully  synthesized  by  one-step  thermal  condensation
copolymerization  (Scheme  1).  These  copolymers  were
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characterized  by 1H-NMR  and 13C-NMR  spectroscopy  in  D2O
(Figs.  S1−S3  in  the  electronic  supplementary  information,  ESI).
The  actual  contents  of  alanine,  tryptophan  or  phenylalanine
residues were determined by 13C-NMR spectroscopy (Table S1 in
ESI).  The  actual  contents  of  alanine  were  about  3.2  mol%  in
PKA5,  ~7.5  mol%  in  PKA10-1  to  PKA10-4  and  12.5  mol%  in
PKA15.  And  PKW10  and  PKF10  contained  8.0  mol%  of
tryptophan  residue  and  6.9  mol%  of  phenylalanine  residue,
respectively.  Additionally,  HPL  was  also  synthesized  as  the
control.  The  molecular  weights  of  the  copolymers  were
measured  by  gel  permeation  chromatography  (GPC)  with  the
HAc-NaAc buffer (pH 3.6) (Table S1 in ESI). The number-average
molecular  weight  (Mn)  of  most  copolymers  was  around  4.5
kg/mol, except for PKA10-3 and PKA10-4 which have molecular
weights  of  6.6  kg/mol  and  8.0  kg/mol,  respectively.  The
hydrodynamic diameters  (DHs)  of  these copolymers in PBS (pH
7.4) were characterized by DLS (Fig. S4a in ESI). The DHs for the
most  copolymers  were  ~4.0−4.7  nm,  while  the DH increased
from 4.3 nm for PKA10-1 to 19.3 nm for PKA10-4.

In vitro Antibacterial Activity
The  antibacterial  activities  of  each  polymer  against  Gram-
negative  bacteria  (E.  coli and P.  aeruginosa)  and  Gram-positive
bacteria  (S.  aureus and MRSA)  were  evaluated  by  determining
the  minimal  inhibitory  concentration  (MIC)  using  the  micro
broth  dilution  method  (Table  1).[40] In  general,  the  majority  of
copolymers  exhibited  excellent  antibacterial  efficacy  against
both  Gram-negative  and  Gram-positive  bacteria,  with

particularly  effective  antibacterial  activity  against MRSA,  a
Methicillin-resistant  strain.  Moreover,  these  copolymers  were
more  efficient  against  Gram-positive  bacteria  than  Gram-
negative bacteria.  This difference in antibacterial  activity is  due
to the distinct membrane structures of the two types of bacteria
since the membrane of Gram-negative bacteria has two layers,
i.e., the cytoplasmic membrane and the outer membrane, while
Gram-positive  bacteria  have  only  one  cytoplasmic
membrane.[41−43]

The effect of the hydrophobic content on the antibacterial
activity  was  determined  by  varying  the  amount  of  alanine
from 3.2 mol% to 7.5 mol% and 12.5 mol% in PKA5, PKA10-1
and PKA15,  respectively.  The DHs  of  HPL,  PKA5,  PKA10-1 and
PKA15 were similar in PBS to eliminate the size effect of poly-
mers  on  the  antibacterial  activities.  The  antibacterial  activi-
ties  of  the copolymers are strongly correlated to zeta poten-
tials  that  are  associated  with  the  charge  densities.  The  zeta
potentials  decreased  from  36.2  mV  for  HPL  to  25.6  mV  for
PKA15  with  the  increase  of  the  alanine  content  (Fig.  S4b  in
ESI). The antibacterial activity also had the same trend and de-
creased with the increase of the alanine content, e.g., HPL ex-
hibited  activities  against S.  aureus with  an  MIC  value  of  24
μg/mL  and  against E.  coli with  an  MIC  value  of  48  μg/mL,
while PKA15 had the corresponding MIC values of  48 μg/mL
and  375  μg/mL,  respectively.  The  size  effect  on  the  antibac-
terial  activity  was  determined  using  PKA10s.  The DHs  varied
from 4.3 nm for PKA10-1 to 19.3 nm for PKA10-4 while main-

Table 1    Antibacterial activities, hemolytic activities, cytotoxicities and selectivity index of polymers.

Polymer
MIC (μg/mL) HC10 a

(μg/mL)
IC20 b

(μg/mL)

SI c

E. coli 8739 P. aeruginosa 9027 S. aureus 25923 MRSA 43300 E. coli 8739 S. aureus 25923

HPL 48 48 24 24 >1500 83.2 1.7 3.5
PKA5 188 94 24 94 >1500 651.7 3.5 27.2

PKA10-1 188 188 24 188 >1500 >1500 >8.0 >62.5
PKA10-2 48 48 12 94 >1500 706 14.7 58.8
PKA10-3 48 48 12 48 >1500 83.6 1.7 7.0
PKA10-4 48 24 12 24 >1500 26.9 0.6 2.2
PKA15 375 188 48 188 >1500 >1500 >4.0 >31.3
PKW10 48 94 24 24 >1500 184.3 3.8 7.7
PKF10 48 94 24 24 >1500 221.3 4.6 9.2

a HC10: the concentration at which 10% of red blood cells is lysed; b IC20: the concentration at which cell viability reduced to 80%; c SI: IC20/MIC.
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Scheme 1    Schematic of synthesis of hyperbranched random copolymers.
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taining a similar  content of  alanine,  ~7.3 mol%−7.8 mol%,  in
PKA10s. The antibacterial activity increased with the increase
of DH, most notably the MIC value of PKA10 against MRSA de-
creased from 188 μg/mL for PKA10-1 to 24 μg/mL for PKA10-
4.  This  may  be  due  to  the  fact  that  copolymers  with  large
particle  sizes  have  higher  zeta  potentials, e.g.,  31.5  mV  for
PKA10-1 versus 45.3 mV for PKA10-4. In general, the effect of
the alanine content or the particle size of copolymers on anti-
bacterial activities is highly dependent on the charge density
which  is  evidenced  by  the  change  of  zeta  potentials.  It  has
been  well  established  that  an  increase  in  cationic  charge
density  enhances  the  affinity  for  bacterial  membranes
through electrostatic  interactions.[44−46] Tew et  al. also  found
that  the  antibacterial  activity  of  poly(norbornene)  against S.
aureus increased  with  increasing  the  charge  density  while
keeping  the  hydrophobic  fraction  constant,  with  MIC  values
decreasing  from  >200  μg/mL  to  15  μg/mL.[47] The  introduc-
tion  of  alanine  decreased  the  zeta  potential  of  the  polymer,
which eventually leads to a decrease in antibacterial activity.

Modulation  of  the  cationic  charge  and  hydrophobicity  of
polymers  is  critical  for  the  design  of  antibacterial
polymers.[48,49] Due to the low hydrophobicity of alanine, the
antibacterial  activity  of  poly(lysine-co-alanine)  is  mainly  de-
termined  by  the  charge  density.  Therefore,  we  introduced
phenylalanine and tryptophan,  aromatic  hydrophobic  amino
acids  with  a  higher  hydropathy  index  (0.81  and  1.2,  respect-
ively) than alanine (0.62), to explore the effect of hydrophobi-
city  in  lysine-based  hyperbranched  random  copolymers,
PKW10 and PKF10, on antibacterial activities.[50,51] Phenylalan-
ine  and  tryptophan  are  found  in  a  variety  of  antibacterial
polymers, and their presence significantly enhances the anti-
bacterial activity of polymers.[21,52,53] For comparison, the DHs
(~4.0−4.2  nm)  of  PKW10  and  PKF10  were  similar  to  that  of
PKA10-1 (4.3 nm), and the content of hydrophobic amino acid
(~7.5  mol%,  8.0  mol%,  6.9  mol%)  and  zeta  potentials  (31.5
mV,  31.0  mV,  and  26.4  mV)  of  PKA10-1,  PKW10  and  PKF10
were also close, which minimizes the effect of the micelle size,
the  content  of  hydrophobic  amino  acid,  and  zeta  potentials
on  the  antibacterial  activities.  The  MIC  values  of  PKA10-1,
PKW10  and  PKF10  revealed  that  the  addition  of  tryptophan
and  phenylalanine  increased  the  activities  towards P.  aeru-
ginosa, E. coli and MRSA,  and the MIC values were almost de-
creased by a factor of 2−8 compared to the addition of alan-
ine,  revealing  the  effect  of  hydrophobicity  on  the  antibacte-
rial  properties.  Similar  results  were  found  in  linear  P(KF)
copeptides  that  exhibited antimicrobial  activity  over  a  wider
range of hydrophobic amino acid content and lower MIC val-
ues than P(KA) copeptides.[21] Kuroda et al. found that increas-
ing  the  hydrophobicity  of  alkyl  side  chains  in  polymethac-
rylate  copolymers  enhanced  their  binding  to  lipid  bilayers,
which  led  to  an  increase  in  the  antibacterial  activity.[54] It  is
noteworthy  that  the  antibacterial  activities  of  PKW10  and
PKF10 were close to that of HPL, but PKW10 and PKF10 were
less toxic. The similarity in the antibacterial activities between
PKW10,  PKF10  and  HPL  might  be  caused  by  the  balance
between the density  of  cations  and the hydrophobicity.[55,56]

The cationic nature of the polymer has been reported to be a
key  factor  for  bacterial  damage.[57] HPL  is  a  hydrophilic,
cationic  polymer  and  the  introduction  of  the  hydrophobic

amino acid moiety, e.g., tryptophan and phenylalanine, resul-
ted  in  an  increase  in  hydrophobicity  but  a  decrease  in  zeta
potential from 36.2 mV to 31.0 mV and 26.4 mV, respectively.
These  data  suggest  that  modulation  of  hydrophobicity,
charge density and hydrodynamic diameter can lead to poly-
mers with higher antibacterial activity.

In vitro Hemolytic Activity, Cytotoxicity and
Selectivity of Copolymers
Hemolysis  test  is  the  gold  standard  for  determining
hemocompatibility  which  measures  the  ability  of  polymers  to
lyse  red  blood  cells.[58] The  HC10 values  were  determined  and
defined as the lowest concentration corresponding to 10% lysis
of  the red blood cells  (Fig.  S5 in ESI).[59] There is  no observable
difference  in  hemolytic  activity  between  HPL  and  all
hyperbranched random copolymers. All polymers exhibited low
hemolytic activity even at the concentration of 1500 μg/mL and
their  hemolysis  ratios  were  less  than  10%, i.e.,  HC10 >1500
μg/mL, indicating superior hemocompatibility.

The in  vitro cytotoxicity of  polymers was further evaluated
to  determine  their  biocompatibility  by  the  MTT  assay  using
mouse fibroblast  cells  (NIH 3T3)  (Table 1 and Figs.  1a−1c).[60]

Overall, all polymers affected the cell viability in a concentra-
tion-dependent manner when they were incubated with NIH
3T3 cells in a concentration range of 0−1500 μg/mL for 24 h.
Since the cell viability was greater than 50% at 1500 μg/mL of
the majority of copolymers, the IC20 value was determined to
evaluate the cytotoxicity and defined as the concentration at
which  the  cell  viability  was  reduced  to  80%.[61,62] For  the
PKA10  series,  the  cytotoxicity  increased  with  the  increase  of
molecular weights or DHs, and most notably the IC20 value de-
creased  from  >1500  μg/mL  for  PKA10-1  to  26.9  μg/mL  for
PKA10-4.  A  larger  molecular  weight  or DH leads  to  more  hy-
drolysis  of  cellular  phospholipids  and  subsequently  to  a
greater  degree  of  membrane  disruption.[61] In  addition,  the
effect  of  the  hydrophobic  content  on  cytotoxicity  was  also
tested for PKAs (HPL, PKA5, PKA10-1 and PKA15), and increas-
ing the alanine content could reduce the cytotoxicity. The IC20

value  is  only  83.2  μg/mL  for  HPL,  and  increases  to  651.7
μg/mL  for  PKA5  with  the  addition  of  only  3.2  mol%  alanine.
The  IC20 value  further  increases  to  >1500  μg/mL  for  PKA15,
exhibiting >20-fold decrease of the cytotoxicity compared to
HPL.  Analogously,  the  IC20 values  of  PKW10  and  PKF10  were
higher  than  that  of  HPL,  representing  that  the  addition  of
these amino acids also reduced the cytotoxicity of  HPL poly-
mers.  This  is  consistent  with the finding that  modification of
star-shaped  poly(L-lysine)  with  tryptophan  led  to  reduced
cytotoxicity.[24] They attribute this trend to the reduced elec-
trostatic interaction of the polymer with the cell due to the re-
duction of the overall charge and hydrophilicity.

The  mechanism  of  cytotoxicity  caused  by  cationic  poly-
mers  is  not  fully  understood until  now,  and both the charge
density  and  hydrophobicity  affect  the  cytotoxicity  of  poly-
mers.[63,64] The  initial  polymer-cell  interaction is  mediated by
electrostatic  attraction,[65] and  cationic  polymers  appear  to
perturb  the  structure  and  function  of  cell  membranes
through  the  interactions  with  proteins  and  phospholipids  in
membranes.[66,67] In  addition,  the  increase  of  hydrophobicity
in cationic polymers also results in increased interactions with
mammalian  cells,  leading  to  increased  cytotoxicity.[64,68,69]
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Our results revealed that the charge density was more domin-
ant  in  controlling  the  antibacterial  activities  and  cytotoxicity
in  PKAs  when  a  less  hydrophobic  moiety, e.g.,  alanine,  was
used,  while  the  hydrophobicity  also  played  a  role  in  con-
trolling  the  antibacterial  activities  and  cytotoxicity  in  PKW
and  PKF  when  a  more  hydrophobic  moiety, e.g.,  tryptophan
and phenylalanine, compared to alanine, was used.

The  selectivity  index  (SI)  was  calculated  using  the  ratio  of
IC20 to  MIC  (against E.  coli and S.  aureus)  to  evaluate  the

biocompatibility and efficacy of copolymers (Table 1). In gen-
eral,  PKA10-1  and  PKA10-2  had  higher  SI  than  HPL  and
PKA10-3  and  PKA10-4.  Particularly,  PKA10-2  has  relatively
higher SI of 14.7 for E. coli and 58.8 for S. aureus. When trypto-
phan or phenylalanine were used as the hydrophobic amino
acid,  the  SI  of  PKW10  and  PKF10  to E.  coli and S.  aureus was
also increased and slightly higher than that of HPL.

Bactericidal Kinetics Assay
Time-kill  curves  were  employed  to  determine  the  antibacterial
efficacies of  HPL,  PKA10-1,  PKA10-2,  PKW10 and PKF10 against
E. coli and S. aureus with the concentration of 1×MIC. As seen in
Figs.  2(a)  and  2(b)  and  Fig.  S6  (in  ESI),  their  antibacterial
efficacies  against E.  coli and S.  aureus are  rather  different.  HPL,
PKA10-1  and  PKA10-2  exhibit  a  modest  antibacterial  activity
against E. coli and about 2 log-CFU/mL reduction was achieved,
while the addition of  tryptophan or phenylalanine significantly
increased  the  rate  of  bacterial  elimination  and  3  or  4  log-
CFU/mL reduction was obtained within 6 h. Complete killing (>6
log-CFU/mL reduction) of S. aureus was observed within 2 h for
these five polymers. The difference in killing efficiency between
E. coli and S. aureus might be due to the difficulty of polymers in
penetrating  through  the  out-layer  of  the E.  coli membrane.[70]

The  kinetics  results  proved  that  these  five  polymers  were
bactericidal for E. coli and S. aureus.[71]

Drug Resistance Studies
It  is  imperative  to  determine  whether  bacteria  develop  drug
resistance to copolymers. E. coli and S. aureus were treated with
HPL,  PKA10-2  and  ciprofloxacin  at  1/2×MIC  concentrations  for
12 passages (Fig.  2c). S.  aureus and E.  coli developed resistance
to  ciprofloxacin  at  the  fourth  and  sixth  passage,  respectively,
and the MICs for E. coli and S. aureus both increased by 7-fold at
the twelfth passage. In comparison, the MICs of HPL and PKA10-
2 for E. coli and S. aureus did not change even after 12 passages,
indicating that it is difficult to develop the resistance to HPL and
PKA10-2 for E. coli and S. aureus.

In vivo Toxicity and the G. mellonella Infection Model
Larvae of G.  mellonella have a  similar  innate  immune response
to mammals and involve both cellular and humoral defense.[72]

And G.  mellonella larvae  have  previously  been  used  as  model
hosts  to  study  the  virulence  of S.  aureus and  the  efficacy  of
various  antimicrobial  agents.[73−77] Moreover, G.  mellonella
larvae are less expensive and easier to implement, and the use
of larvae does not require ethical approval.[78,79]

To  investigate  the in  vivo antibacterial  activity  of  these
polymers, strains of S. aureus were propagated in larvae of G.
mellonella to establish a model according to the reported pro-
cedure.[39] The dose effect on the larval survival was investig-
ated by injecting different amounts of HPL. The larval survival
rate was 100% when the concentrations of HPL were 30 and
60  mg/kg,  and  was  reduced  to  70%  and  60%  at  100  mg/kg
and 120 mg/kg of HPL, respectively (Figs. S7a and S7c in ESI).
The toxicity of PKA10-2, PKW10 and PKF10 to G. mellonella lar-
vae  was  also  evaluated  at  the  polymer  concentrations  of  60
and  120  mg/kg.  All  larvae  survived  at  the  dose  of  60  mg/kg
(Fig.  S7b  in  ESI).  Therefore,  these  four  polymers  are  con-
sidered non-toxic to the larvae at the dose of  60 mg/kg.  The
survival  rates  of G.  mellonella larvae  in  PKA10-2,  PKW10  and
PKF10 groups were higher than that in the HPL group at the
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Fig.  1    The  cell  viability  of  NIH  3T3  fibroblast  cells  treated  by
polymers  at  different  concentrations.  (a)  HPL,  PKA5,  PKA10-1  and
PKA15; (b) PKA10s; (c)HPL, PKA10-1, PKW10 and PKF10.
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concentration  of  120  mg/kg  (Fig.  S7c  in  ESI), e.g.,  93.3%  for
PKA10-2,  83.3% for  PKW10,  90% for  PKF10 and 60% for  HPL,
respectively. And the statistical analysis indicated that the sur-

vival  rates  of  copolymers  were  statistically  different  from
those of HPL (p<0.01, p<0.05, p<0.01, respectively). These res-
ults demonstrated that the introduction of these three amino
acids could reduce the in vivo toxicity in G. mellonella larvae.

The inoculum dose of S. aureus also affected the larval sur-
vival rate and the survival rate was reduced with the increas-
ing  inoculum  (Fig.  S7d  in  ESI).  Compared  to  uninfected  con-
trol, the larvae had a survival rate of 90% at 96 h when treated
with the lowest inoculum of 106 CFU/mL, and the survival rate
reduced to 80%, 70% and 0% at 107, 108 and 109 CFU/mL of S.
aureus,  respectively.  The  inoculum  dose  of  5×108 CFU/mL  of
S. aureus was selected for further studies. The larvae were in-
fected by S.  aureus (ATCC 25923,  5×108 CFU/mL)  for  1  h  and
then treated by injecting 60 mg/kg of HPL,  PKA10-2,  PKW10,
and PKF10 or 20 mg/kg of ciprofloxacin and the larval surviv-
al curves within 96 h are plotted in Fig. 3. The survival rates of
the  larvae  treated  with  all  these  polymers  were  above  70%
and the four treated groups were significantly different from
untreated PBS controls (p<0.0001). The results showed that all
polymers  could  effectively  treat  the S.  aureus infected  larvae
in  vivo.  Moreover,  the in  vivo therapeutic effect of  all  copoly-
mers  was  superior  to  that  of  HPL,  and  PKA10-2  and  PKW10
even had similar in vivo therapeutic efficacy to ciprofloxacin.

The Skin Irritation Tests (SIT)
The  skin  irritation  of  these  polymers  is  evaluated  on  mice  to
determine whether copolymers cause inflammatory irritation of
the  mice  skin  (Fig.  S8  in  ESI).  Compared  with  the  PBS-treated
skin,  H&E  staining  results  showed  no  inflammatory  infiltration,
acanthosis,  interstitial  edema  and  parakeratosis  in  any  of  the
skin  treated  with  HPL,  PKA10-2,  PKW10  or  PKF10.  The  results
showed  that  these  polymers  did  not  cause  skin  inflammatory
reactions.

Antibacterial Mechanism
To  investigate  the  potential  mechanism,  the  morphology  of
bacteria  was  imaged  by  SEM  and  the  membrane  integrity  of
bacteria was studied by the LIVE/DEAD bacterial viability assay.
The morphologies of E. coli and S. aureus treated and untreated
with copolymers are shown in Fig. 4. The untreated E. coli has a
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Fig.  2    Time-kill  kinetics  of  polymers  (1×MIC)  against  (a) E.  coli and
(b) S.  aureus;  (c)  Antibacterial  resistance  test  of  HPL,  PKA  and
Ciprofloxacin against E. coli and S. aureus.

��

��

��

��

��

��

��

��

��

���

��������
���
�	
�������

���

�
�
��
��
�
���
�
�

�� ����

��­��

�����

���������	��

�� �� �� ��

���

��
��

� �

����

 
Fig.  3    Survival  of G.  mellonella larvae infected with S.  aureus strain
ATCC  25923  and  treated  with  60  mg/kg  of  polymer  or  20  mg/kg  of
ciprofloxacin at  1h post-infection.  Statistical  significance is  indicated
as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n=30.
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regular  rod shape and S.  aureus shows a  spherical  shape,  both
with intact surfaces, while E. coli and S. aureus treated with HPL,
PKA10-2,  PKW10  or  PKF10  exhibit  distinct  morphological
changes. The cell surfaces of S. aureus are no longer smooth and
some of them have indentations, while the morphology of E. coli
is significantly changed and most of cells are even collapsed or
destroyed, indicating that cell membranes had been damaged.

To further investigate the damage of cell  membranes in E.
coli and S.  aureus induced  by  these  copolymers,  the
LIVE/DEAD  bacterial  viability  assay  was  performed.  N01/PI
was used to stain the bacteria treated with copolymers. N01,
the  green  dye,  can  pass  through  the  cell  membrane  of  live
bacteria,  while  PI  could  only  pass  through  the  damaged  cell
membranes and bind to the nucleic acid to produce red fluor-
escence.[80,81] As  shown  in Fig.  5,  both  bacteria  tested  in  the
absence of  polymers exhibit  green fluorescence,  while E.  coli
and S.  aureus treated  with  copolymers  exhibit  strong  red
fluorescence,  indicating  that  the  cell  membrane  integrity  of
both bacteria was disrupted.

The  antibacterial  mechanism  of  hyperbranched  random
copolymers  against  bacteria  was  proposed  and  illustrated  in
Fig. 6. The cationic lysine residues are electrostatically attrac-

ted  to  the  cell  surfaces  with  negative  charges,[17,26] and  the

hydrophobic  amino acid  (alanine,  tryptophan or  phenylalan-

ine)  residues  facilitate  the  insertion  of  copolymers  into  the

cell membrane. The membrane integrity is then disrupted by

copolymers,  leading  to  the  lysis  of  bacteria.[82−85] The  mem-

brane  integrity  is  then  disrupted  by  copolymers,  leading  to

the lysis of bacteria. Since changes in the membrane integrity
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Fig. 4    SEM images of S. aureus and E. coli treated with polymers (HPL, PKA10-2, PKF10 and PKW10) and PBS (control).
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Fig. 5    Fluorescence images of stained E. coli and S. aureus under the treatment of PBS control, HPL, PKA10-2, PKF10 and PKW10.

 
Fig.  6    Schematic  illustration  of  the  proposed  mechanism  of
copolymers with E. coli.
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are  unlikely  to  cause  bacterial  mutations,  this  non-specific
killing mechanism reduces  the  development  of  resistance to
the copolymer.

CONCLUSIONS

In  summary,  a  series  of  hyperbranched  random  copolymers
containing  lysine  and  a  hydrophobic  amino  acid, e.g.,  alanine,
tryptophan, or phenylalanine, were successfully synthesized by
one-pot thermal copolymerization. All copolymers had excellent
blood  compatibility  (HC10>1500  μg/mL),  while  their  anti-
bacterial activities and cytotoxicity were dependent on the type
and content of hydrophobic amino acid, i.e., the charge density
and  hydrophobicity,  and  the  hydrodynamic  diameter.  The
antibacterial activities and cytotoxicities of PKAs both decreased
with the increase of the alanine content (or the decrease of the
charge  density),  but  the  cytotoxicities  were  more  sensitive  to
the alanine content than the antibacterial activities. In particular,
PKA10-2 had comparable antibacterial activities to HPL, while its
cytotoxicity  was  significantly  lower  than  HPL.  Under  the
optimized  condition,  PKW10  and  PKF10  also  showed  similar
antibacterial activities to HPL, but were less toxic than HPL. The
charge  density  was  more  dominant  in  controlling  the
antibacterial activities and cytotoxicity of the copolymers, while
the  hydrophobicity  also  played  a  role  in  controlling  the
antibacterial  activities  and  cytotoxicity  in  PKW  and  PKF.  The in
vivo toxicity  and  antibacterial  efficacy  studies  showed  that
PKA10-2,  PKW10  and  PKF10  were  less  toxic  than  HPL  and  had
excellent efficacy in the treatment of S. aureus infections in the
G.  mellonella infection  model,  and  the  antibacterial  efficacy  of
PKA10-2  and  PKW10  approached  that  of  ciprofloxacin.  The
bacterial  morphology studies  and LIVE/DEAD bacterial  viability
assay  demonstrated  that  the  copolymers  killed  bacteria  by
disrupting their membranes, which eliminates the possibility of
inducing drug resistance.
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