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Tuneable	
  pH-­‐regulated	
  supramolecular	
  copolymerisation	
  by	
  
mixing	
  mismatched	
  dendritic	
  peptide	
  comonomers	
  
P.	
  Ahlers,a,b‡	
  H.	
  Frischa,b‡	
  and	
  P.	
  Beseniusa*

Charged	
   phenylalanine-­‐rich	
   dendritic	
   peptides	
   form	
  highly	
   stable	
  
and	
   pH-­‐switchable	
   rod-­‐like	
   supramolecular	
   copolymers,	
   when	
  
co-­‐assembled	
   with	
   a	
   matching	
   oppositely	
   charged	
   dendritic	
  
comonomer.	
  Here,	
  we	
  demonstrate	
  that	
  by	
  mismatching	
  a	
  strong	
  
with	
  a	
  weak	
  β-­‐sheet	
  encoded	
  comonomer,	
  both	
  the	
  stability	
  and	
  
the	
  pH-­‐triggered	
  disassembly	
  of	
   the	
   copolymers	
   shifts	
   drastically	
  
from	
  pH	
  4.2	
  to	
  biologically	
  relevant	
  pH	
  5.8.	
  

Research	
   activities	
   have	
   intensified	
   in	
   using	
   oligopeptide	
  
building	
  blocks	
  as	
  supramolecular	
  monomers	
  to	
  form	
  ordered	
  
supramolecular	
   polymers	
   and	
   nanostructures	
   in	
   water,	
  
demonstrating	
   that	
   rules	
   from	
   the	
   three-­‐dimensional	
  
organisation	
   of	
   natural	
   proteins	
   can	
   be	
   translated	
   into	
   the	
  
design	
  of	
  peptide-­‐based	
  supramolecular	
  functional	
  materials.1,	
  
2	
  A	
   large	
  body	
  of	
  architectures	
  are	
  accessible	
   including	
  cages,	
  
spheres,	
   tubes,	
   fibre-­‐like	
   morphologies,	
   tapes	
   and	
   sheet-­‐like	
  
arrays.	
   The	
   building	
   blocks	
   are	
   either	
   based	
   on	
   biological	
  
derivatives	
   such	
   as	
   collagens,3	
   elastins,4,	
   5	
   ß-­‐sheet	
   systems6-­‐10	
  
and	
   α-­‐helices/coiled-­‐coils11-­‐16	
   or	
   are	
   based	
   on	
   new	
   design	
  
motifs,	
  e.g.	
  cyclic,17,	
  18	
  aliphatic19-­‐21	
  or	
  aromatic	
  amphiphiles,22,	
  
23	
  and	
  dendritic	
  oligopeptides.24,	
   25	
  The	
  most	
  exciting	
   features	
  
for	
   the	
   development	
   of	
   functional	
   soft	
   matter	
   rely	
   on	
   their	
  
robust,	
   yet	
   stimuli-­‐responsive	
   properties,26-­‐29	
   emergence	
   of	
  
molecular	
   networks	
   and	
   complex	
   behaviour,30,	
   31	
   and	
  
biomedical	
  applications	
  in	
  tissue	
  engineering	
  and	
  regenerative	
  
medicine.32,	
  33	
  
We	
   have	
   previously	
   reported	
   dendritic	
   anionic	
   and	
   cationic	
  
amphiphiles	
   encoded	
  with	
   β-­‐sheet	
   peptide	
  motifs.25,	
   34	
   These	
  

form	
  supramolecular	
  alternating	
  copolymers	
  when	
  mixed	
   in	
  a	
  
1:1	
  feed	
  ratio	
  of	
  the	
  comonomers,	
  and	
  are	
  able	
  to	
  respond	
  to	
  
pH	
  triggers:	
  the	
  self-­‐assembly	
  is	
  only	
  turned	
  on	
  at	
  a	
  neutral	
  pH	
  
when	
   both	
   comonomers	
   are	
   charged.	
   By	
   protonating	
   the	
  
anionic	
   glutamic	
   acid	
   (E)	
   comonomer	
   at	
   low	
   pH,	
   or	
  
deprotonating	
   the	
   cationic	
   lysine	
   (K)	
   complementary	
  
comonomer	
   at	
   high	
   pH,	
   attractive	
   Coulomb	
   interactions	
   are	
  
screened.	
   This,	
   in	
   turn,	
   induces	
   the	
   disassembly	
   of	
   the	
  
copolymers	
   into	
   the	
   monomers,	
   when	
   using	
   alanine	
   (A)	
   and	
  
leucine	
   (L)	
   containing	
   peptides.25	
   The	
   use	
   of	
   aromatic	
  
phenylalanine	
  (F)	
  alternated	
  with	
  charged	
  amino	
  acids,	
  does	
  	
  

	
  

Figure	
  1.	
  Chemical	
  structures	
  of	
  the	
  C3-­‐symmetrical	
  dendritic	
  peptide	
  comonomers	
  1a,	
  
1b	
   and	
   2a,	
   2b	
   (A)	
   and	
   their	
   pH-­‐regulated	
   supramolecular	
   polymerization	
   into	
  
copolymers	
  at	
  neutral	
  pH,	
  and	
  homopolymers	
  at	
  high	
  and	
  low	
  pH	
  respectively	
  (B).	
  

Page 1 of 7 Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION	
   Journal	
  Name	
  

2 	
  |	
  J.	
  Name.,	
  2012,	
  00,	
  1-­‐3	
   This	
  journal	
  is	
  ©	
  The	
  Royal	
  Society	
  of	
  Chemistry	
  20xx	
  

Please	
  do	
  not	
  adjust	
  margins	
  

Please	
  do	
  not	
  adjust	
  margins	
  

not	
  lead	
  to	
  a	
  simple	
  disassembly	
  of	
  the	
  copolymers,	
  but	
  a	
  pH-­‐
triggered	
   copolymer	
   to	
   homopolymer	
   transition,	
   both	
   at	
   low	
  
and	
  at	
  high	
  pH.34	
  Herein	
  we	
  show	
  that	
   long	
  phenylalanine	
   rich	
  
dendritic	
   peptides	
   form	
   nanorod-­‐like	
   supramolecular	
   copolymers,	
  
that	
  are	
  extremely	
  stable	
  towards	
  changes	
  in	
  pH	
  and	
  ionic	
  strength.	
  
Shortening	
   the	
   peptide	
   sequence	
   via	
   the	
   removal	
   of	
   just	
   one	
  
aromatic	
   amino	
   acid	
   reduces	
   the	
   stability,	
   due	
   to	
   reduced	
  
hydrophobic	
  shielding	
  of	
  hydrogen	
  bonding	
  and	
  Coulomb	
  attractive	
  
interactions.	
   Crucially,	
   we	
   demonstrate	
   that	
   by	
   co-­‐assembling	
   a	
  
stronger	
  β-­‐sheet	
  comonomer,	
  with	
  the	
  second	
  weaker	
  β-­‐sheet	
  one,	
  
the	
   stability	
   of	
   the	
   copolymers	
   is	
   reduced	
   and	
   the	
   pH-­‐triggered	
  
disassembly	
  for	
  the	
  copolymers	
  is	
  shifted	
  from	
  pH	
  4.2	
  to	
  biologically	
  
relevant	
   pH	
  5.8.	
   A	
   change	
   in	
   the	
   pH	
   value	
   as	
   the	
   stimulus	
   for	
   a	
  
programmed	
   material	
   response35	
   opens	
   exciting	
   avenues	
   in	
  
biomedical	
   applications.36	
   In	
   living	
   cells	
   and	
   tissues,	
   intra-­‐	
   and	
  
extracellular	
   pH	
   values	
   are	
   tightly	
   regulated,	
   but	
   can	
   deviate	
  
from	
  pH	
  neutral	
  and	
  drop	
  to	
  pH	
  5.5-­‐6,	
  as	
  observed	
  for	
  example	
  
in	
   tumorous,	
   inflammatory	
   sites,	
   in	
   endocytic	
   pathways	
   and	
  
specific	
   cellular	
   compartments.37,	
   38	
   We	
   refer	
   to	
   the	
   reported	
  
tuneable	
  pH-­‐regulated	
  polymerisation	
   as	
   “comonomer	
  mismatch”.	
  
We	
   expect	
   it	
   to	
   have	
   an	
   important	
   impact	
   on	
   the	
   design	
   of	
  
oligopeptide	
   based	
   delivery	
   vehicles,	
   where	
   the	
   triggered	
  
disassembly	
   of	
   surface	
   functionalised	
   polycationic	
   scaffolds	
   into	
  
monomeric	
   building	
   blocks	
   is	
   an	
   exciting	
   strategy	
   to	
   release	
  
oligonucleotide	
  after	
  the	
  loss	
  of	
  multivalent	
  points	
  of	
  interaction.39-­‐
42	
   This	
   phenomenon	
   is	
   somewhat	
   similar	
   to	
   native	
   protein	
   cages,	
  
whereby	
   the	
   release	
   of	
   cargo	
   material	
   in	
   intracellular	
  
compartments	
  occurs	
  via	
  a	
  delicate	
  balance	
  of	
  decrease	
   in	
  pH	
  and	
  
osmotic	
  swelling.	
  
All	
   four	
  C3-­‐symmetrical	
  dendritic	
  peptide	
  comonomers	
  1a,	
  1b	
  
and	
   2a,	
   2b	
   were	
   synthesised	
   using	
   a	
   convergent	
   synthetic	
  
approach.34	
   We	
   have	
   incorporated	
   hydrophobic	
   FE	
   and	
   FK	
  
based	
   alternating	
   amino	
   acid	
   sequences	
   in	
   each	
   side	
   arm	
   of	
  
the	
   C3-­‐symmetrical	
   comonomers,	
   including	
   an	
   apolar	
   hexyl-­‐
spacer	
   separating	
   the	
  peptide	
  block	
   from	
  a	
  water	
   solubilising	
  
tetraethylene	
   glycol	
   peripheral	
   dendron	
   (Fig.	
  1).	
   The	
   latter	
  
were	
   introduced	
   as	
   reported	
   previously	
   in	
   order	
   to	
   increase	
  
the	
   solubility	
   of	
   the	
   materials.25,	
   34	
   Note	
   that	
   in	
   the	
   cationic	
  
comonomer	
   1b,	
   we	
   incorporated	
   a	
   C-­‐terminal	
   p-­‐cyano-­‐
phenylalanine	
   (Cnf),	
   instead	
   of	
   phenylalanine	
   on	
   the	
  
complementary	
   anionic	
   comonomer	
   1a,	
   as	
   an	
   optical	
   probe.	
  
This	
   leads	
   to	
   an	
   unambiguous	
   differentiation	
   of	
   homo-­‐	
   and	
  
copolymers	
   via	
   circular	
   dichroism	
   (CD)	
   spectroscopy.	
   The	
  
detailed	
   synthesis	
   and	
   characterisation	
   of	
   the	
   amphiphilic	
  
anionic	
  and	
  cationic	
  peptide	
  comonomers	
  1a	
   (using	
  a	
  GFEFEF	
  
peptide	
  sequence),	
  1b	
  (GFKFKCnf),	
  2a	
  (GFEFE)	
  and	
  2b	
  (GFKFK)	
  
can	
  be	
  found	
  in	
  the	
  ESI.	
  
CD	
   spectroscopy	
   experiments	
   using	
   the	
   isolated	
   solutions	
   of	
  
comonomers	
   at	
   neutral	
   pH	
   show	
  weak	
   positive	
   CD	
   bands	
   at	
  
λ	
  =	
  220	
  nm	
   for	
   1a	
   and	
   1b	
   (Figs.	
   2A	
   and	
   2B).	
   There	
   is	
   no	
  
indication	
   of	
   self-­‐assembly	
   into	
   homopolymers,	
   as	
   expected	
  
due	
   to	
   Coulomb	
   repulsion	
   between	
   monomers	
   of	
   the	
   same	
  
charge.	
  However	
  by	
  changing	
  the	
  pH,	
  we	
  observe	
  the	
  triggered	
  
self-­‐assembly	
   into	
   homopolymers	
   for	
  1a	
   at	
   pH	
   5.2	
   and	
  1b	
   at	
  
pH	
   10.3.	
   The	
   changes	
   in	
   CD	
   bands	
   are	
   significant	
   with	
   the	
  
appearance	
  of	
  a	
  strong	
  negative	
  band	
  at	
  λ	
  =	
  212	
  nm	
  (Figs.	
  2A	
  	
  

	
  

Figure	
   2.	
   Titration	
   experiments	
   and	
   CD	
   spectra	
   of	
   a	
   60	
  µM	
   aqueous	
   solution	
   of	
  
monomer	
   1a	
   (A)	
   and	
   monomer	
   1b	
   (B)	
   at	
   different	
   pH	
   values	
   in	
   10	
  mM	
   phosphate	
  
buffer	
   at	
   293	
  K.	
   The	
   black	
   spectra	
   represent	
   the	
   self-­‐assembled	
   state	
   into	
  
homopolymers	
  (pH	
  2.98	
  for	
  1a	
  and	
  pH	
  11.71	
  for	
  1b),	
  and	
  the	
  dark	
  grey	
  spectra	
  (thick	
  
lines)	
  the	
  monomeric	
  state	
  (pH	
  11.61	
  for	
  1a	
  and	
  pH	
  3.04	
  for	
  1b).	
  

and	
  2B).	
  We	
  observe	
  a	
  shift	
  in	
  the	
  apparent	
  pKa	
  values	
  for	
  the	
  
dendritic	
  peptides	
  compared	
  to	
  the	
  isolated	
  amino	
  acids	
  of	
  4.3	
  
for	
  glutamic	
  acid	
  and	
  10.5	
  for	
  lysine,	
  most	
  likely	
  driven	
  by	
  the	
  
aggregation	
   process.	
   We	
   were	
   furthermore	
   able	
   to	
   perform	
  
ionic	
   strength	
   dependent	
   experiments	
   for	
   monomer	
   1a.	
  
Increasing	
   the	
   concentration	
   of	
   NaCl	
   to	
   >	
  500	
  mM	
   shifts	
   the	
  
monomer	
   to	
   homopolymer	
   transition	
   to	
   slightly	
   higher	
   pH	
  
values,	
  due	
   to	
   the	
   increased	
   thermodynamic	
  driving	
   force	
   for	
  
supramolecular	
   polymerisation	
   of	
   the	
   very	
   hydrophobic	
  
phenylalanine	
  containing	
  building	
  blocks	
  (Fig.	
  S1).	
  This	
   finding	
  
is	
  in	
  agreement	
  with	
  our	
  previous	
  investigations	
  on	
  frustrated	
  
self-­‐assemblies,	
  whereby	
  due	
  to	
  the	
  electrostatic	
  screening	
  of	
  
the	
   negative	
   charges	
   of	
   carboxylate	
   side-­‐chains,	
   the	
  
supramolecular	
   polymerisation	
   becomes	
   more	
   favourable	
   at	
  
higher	
   ionic	
   strength	
   and	
   neutral	
   pH.43-­‐45	
   Mixing	
   both	
  
monomeric	
  building	
  blocks	
   in	
   a	
  1:1	
   ratio	
  at	
  pH	
  =	
  7.4	
   instantly	
  
leads	
  to	
  a	
  strong	
  negative	
  CD	
  band	
  at	
  λ	
  =	
  212	
  nm	
  characteristic	
  
for	
   β-­‐sheet	
   formation,	
   which	
   is	
   a	
   strong	
   indication	
   for	
   self-­‐
assembly	
  into	
  supramolecular	
  alternating	
  copolymers	
  (Fig.	
  3A).	
  
In	
  the	
  past	
  we	
  have	
  successfully	
  correlated	
  CD	
  spectral	
  bands	
  
with	
   photoluminescence	
   experiments	
   using	
  minimalistic	
   FRET	
  
pairs,	
   as	
   well	
   as	
   detailed	
   transmission	
   electron	
   microscopy	
  
(TEM)	
  characterisation	
  of	
  the	
  monomers,	
  their	
  homopolymers	
  
and	
  hetero-­‐copolymers.	
  
To	
   further	
   elucidate	
   the	
   stability	
   of	
   the	
   1a-­‐1b	
   copolymers	
  
towards	
   changes	
   in	
   the	
  pH	
  and	
   ionic	
   strength,	
  we	
  performed	
  
titration	
   experiments	
   using	
   CD	
   spectroscopy.	
   To	
   our	
   surprise	
  
the	
   copolymers	
   were	
   extremely	
   stable.	
   Upon	
   acidifying	
   the	
  
phosphate	
  buffer,	
  the	
  intensity	
  of	
  the	
  CD	
  band	
  at	
  λ	
  =	
  212	
  nm	
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Figure	
   3.	
   (A)	
   Titration	
   experiments	
   and	
   CD	
   spectra	
   of	
   a	
   60	
  µM	
   aqueous	
   solution	
  
containing	
   a	
   1:1	
  mixture	
  of	
   comonomers	
  1a	
   and	
  1b	
   at	
   different	
   pH	
   values	
   in	
   10	
  mM	
  
phosphate	
   buffer;	
   the	
   black	
   spectrum	
   represents	
   the	
   co-­‐assembled	
   state	
   into	
  
copolymers	
   (pH	
   7.46),	
   the	
   yellow	
   spectrum	
   the	
  mixture	
   of	
   homopolymers	
   of	
  1a	
   and	
  
monomeric	
  1b	
  (pH	
  1.9)	
  and	
  the	
  blue	
  spectrum	
  for	
  monomeric	
  1a	
  and	
  homopolymers	
  of	
  
1b	
   (12.73).	
   (B)	
   The	
   titration	
   curves	
   and	
   normalised	
   CD	
   data	
   for	
   the	
   isolated	
  
homopolymerisations	
  (left	
  y-­‐axis)	
  of	
  1a	
  (yellow	
  triangles,	
  Fig.	
  2A)	
  or	
  1b	
  (blue	
  triangles,	
  
Fig.	
  2B)	
  and	
   the	
  1a-­‐1b	
   copolymers	
   (mixed	
  yellow-­‐blue	
   squares,	
   right	
  y-­‐axis)	
   following	
  
the	
   intensity	
  of	
  the	
  CD	
  band	
  at	
  λ	
  =	
  216	
  nm	
  (Fig.	
  3A);	
   Irel	
  =	
  1	
   is	
  set	
  for	
  the	
  polymerized	
  
state	
  as	
  ‘on’	
  and	
  Irel	
  =	
  0	
  is	
  set	
  for	
  the	
  polymerized	
  state	
  as	
  switched	
  ‘off’.	
  

only	
  changed	
  at	
  pH	
  4.2,	
  and	
  by	
  adding	
  base	
  at	
  pH	
  11.5	
  (Fig.	
  3).	
  
This	
  is	
  a	
  strong	
  indication	
  that	
  the	
  pH-­‐triggered	
  transition	
  from	
  
co-­‐	
   to	
   homopolymers	
   and	
   simultaneous	
   release	
   of	
   the	
  
complementary	
   comonomer	
   is	
   shifted	
   by	
   one	
   pH	
   unit	
  
compared	
   to	
   the	
   values	
   expected	
   from	
   the	
  

homopolymerisation	
  of	
   the	
   isolated	
  monomer	
  solutions	
  of	
  1a	
  
and	
   1b	
   (Fig.	
   3B).	
   To	
   confirm	
   that	
   the	
   pH-­‐stability	
   window	
   of	
  
the	
   copolymers	
   is	
   increased,	
  we	
   performed	
  NaCl	
   titrations	
   in	
  
neutral	
   phosphate	
   buffer.	
   Remarkably	
   no	
   changes	
   in	
   the	
  
characteristic	
   β-­‐sheet	
   band	
   was	
   observed	
   up	
   to	
   >	
  1	
  M	
   NaCl	
  
(Fig.	
  S2).	
  Phenylalanine	
  rich	
  peptide	
  sequences	
  are	
  the	
  main	
  source	
  
of	
   stabilisation	
   for	
   the	
   hydrogen	
   bonded	
   and	
   electrostatics	
   driven	
  
β-­‐sheet	
   formation.	
   In	
   contrast,	
   the	
   previously	
   reported	
   alanine	
  
derivates	
   using	
   GAEAE	
   and	
   GAKAK	
   encoded	
   building	
   blocks,	
  
disassemble	
   already	
   at	
   <	
  50	
  mM	
   NaCl	
   in	
   phosphate	
   buffer.25	
  
We	
   point	
   out	
   that	
   Matile	
   and	
   coworkers	
   have	
   exploited	
   a	
  
similar	
  strategy	
  in	
  the	
  the	
  β-­‐sheet	
  directed	
  self-­‐assembly	
  of	
  p-­‐
octaphenyl	
  β-­‐barrel	
  pores	
  embedded	
  in	
  lipid	
  bilayers.46-­‐48	
  Due	
  
to	
   the	
   spacial	
   proximity	
   and	
   electrostatic	
   repulsion	
   of	
   the	
  
charged	
  basic	
  or	
   acidic	
  peptide	
   side	
   chains	
   in	
   these	
   synthetic	
  
pores,	
   the	
   intrinsic	
   pKa	
   of	
   the	
   base/acid	
   is	
   shifted,	
   an	
  
observation	
  which	
  was	
  summarized	
  in	
  a	
  ‘intermediate	
  internal	
  
charge	
   repulsion’	
   (ICR)	
   model.47,	
   49	
   Here,	
   the	
   balance	
   of	
  
attractive	
   and	
   repulsive	
   contributions	
   in	
   the	
   barrel-­‐stave	
  
supramolecules	
   is	
   not	
   too	
   dissimlar	
   to	
   our	
   pH-­‐regulated	
  
supramolecular	
   co-­‐	
   and	
   homopolymerisation	
   of	
   oppositely	
  
charged	
   comonomers:	
   lack	
   of	
   ICR	
   has	
   been	
   suggested	
   to	
  
account	
   for	
   ‚implosion’,	
   low	
   ICR	
   for	
   contraction,	
   high	
   ICR	
   for	
  
expansion,	
  and	
  excess	
  ICR	
  for	
  ‚explosion’	
  of	
  the	
  β-­‐barrels.	
  
To	
   correlate	
   the	
   spectroscopic	
   findings	
   with	
   morphological	
  
investigations	
  we	
  performed	
  negative	
   stain	
   TEM	
  experiments	
  	
  
(Fig.4	
   and	
  S5-­‐S14).	
  By	
  depositing	
  a	
   solution	
  of	
   either	
  building	
  
block	
  1a	
  at	
  pH	
  2.0,	
  or	
  1b	
  at	
  pH	
  12.0,	
  anisotropic	
  nanorod-­‐like	
  
structures	
  are	
  obtained	
  (Figs	
  4A,	
  4B	
  and	
  S5-­‐S8).	
  The	
  thickness	
  
of	
   the	
   rods	
   9	
  nm	
   is	
   in	
   good	
   agreement	
  with	
   the	
   diameter	
   of	
  
the	
   molecular	
   building	
   blocks,	
   which	
   corresponds	
   to	
   an	
  
estimated	
   7.2	
  nm	
   for	
   the	
   extended	
   hydrophobic	
   core	
   and	
  
12.5	
  nm	
   including	
   the	
   stretched	
   out	
   hydrophilic	
   dendron.	
   If	
  
both	
  comonomers	
  are	
  pre-­‐mixed	
  in	
  a	
  1:1	
  ratio	
  at	
  pH	
  7.4,	
  well-­‐
defined	
   anisotropic	
   structures	
   are	
   observed	
   (Fig	
   4C	
   and	
  
S9-­‐S10).	
   Their	
   thickness	
   of	
   8	
  nm	
   is	
   again	
   in	
   good	
   agreement	
  
with	
  the	
  diameter	
  of	
  the	
  molecular	
  buildings	
  blocks.	
  
Due	
   to	
   our	
   interest	
   in	
   using	
   ampholytic	
   supramolecular	
  
copolymers	
  as	
  pH-­‐switchable	
  delivery	
  vectors	
  for	
  biomedical	
  	
  

	
  

Figure	
  4.	
  (A)	
  TEM	
  images	
  of	
  the	
  homopolymer	
  of	
  1a	
  at	
  pH	
  2.0,	
  (B)	
  the	
  1a-­‐1b	
  copolymer	
  at	
  pH	
  7.4	
  and	
  (C)	
  the	
  homopolymer	
  of	
  1b	
  at	
  pH	
  12.0,	
  in	
  tris	
  buffer	
  (10	
  mM);	
  scale	
  bars	
  are	
  
200	
  nm	
  (A),	
  (C)	
  and	
  100	
  nm	
  (B).	
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applications,	
   we	
   decided	
   to	
   utilise	
   a	
   further	
   pair	
   of	
   the	
  
comonomer	
  building	
  blocks	
  2a	
  (GFEFE)	
  and	
  2b	
  (GFKFK).	
  These	
  
lack	
   the	
   final	
  C-­‐terminal	
  aromatic	
  phenylalanine	
  and	
  p-­‐cyano-­‐
phenylalanine	
   compared	
   to	
   1a	
   and	
   1b.	
   The	
   pH-­‐induced	
  
monomer	
  to	
  homopolymer	
  transitions	
  for	
  2a	
  at	
  pH	
  5.8	
  and	
  2b	
  
at	
   pH	
   9.2	
   were	
   only	
   marginally	
   influenced	
   by	
   the	
   decreased	
  
hydrophobicity	
  of	
  the	
  peptide	
  side	
  arms	
  (Fig.	
  4).§	
  However	
  the	
  
pH	
   titration	
   curves	
   clearly	
   show	
   that	
   the	
   transitions	
   are	
   less	
  
sharp.	
  Note	
   that	
   in	
   temperature	
   or	
   concentration	
   dependent	
  
supramolecular	
   polymerisations,	
   a	
   more	
   shallow	
   transition	
  
would	
  suggest	
  a	
  less	
  cooperative	
  growth	
  mechanism.50-­‐54	
  
Our	
   main	
   goal	
   herein	
   was	
   to	
   co-­‐assemble	
   the	
   mismatched	
  
comonomer	
   pairs,	
   between	
   a	
   longer	
   and	
   a	
   shorter	
   β-­‐sheet	
  
comonomer	
  and	
  mix	
  1a	
  with	
  2b,	
  or	
  1b	
  with	
  2a.	
   Intriguingly	
  the	
  
CD	
   spectroscopic	
   investigations	
   show	
   that	
   both	
   mismatched	
  
pairs	
  co-­‐assemble	
  into	
  supramolecular	
  copolymers	
  (Fig.	
  S3).	
  	
  

	
  

Figure	
   5.	
   Titration	
   experiments	
   of	
   60	
  µM	
   aqueous	
   solutions	
   of	
  monomers	
   in	
   10	
  mM	
  
phosphate	
  buffer	
  at	
  293	
  K;	
   (A)	
   the	
   titration	
  curves	
   for	
   the	
  homopolymerisation	
  of	
  an	
  
isolated	
  solution	
  of	
  1a	
   (yellow	
  triangles,	
  Fig.	
  2A)	
  and	
  2b	
   (blue	
   triangles,	
  Fig.	
  S4B)	
  and	
  
the	
  1a-­‐2b	
  copolymers	
  (mixed	
  yellow-­‐blue	
  squares,	
  Fig.	
  S3A);	
  (B)	
  the	
  titration	
  curves	
  and	
  
normalised	
  CD	
  data	
  for	
  the	
  homopolymerisation	
  (left	
  y-­‐axis)	
  of	
  an	
  isolated	
  solution	
  of	
  
2a	
  (yellow	
  triangles,	
  Fig.	
  S4A)	
  and	
  1b	
  (blue	
  triangles,	
  Fig.	
  2A)	
  and	
  the	
  1b-­‐2a	
  copolymers	
  
(mixed	
   yellow-­‐blue	
   squares,	
   right	
   y-­‐axis,	
   Fig.	
   S3B),	
   following	
   the	
   intensity	
   of	
   the	
   CD	
  
band	
  at	
  λ	
  =	
  216	
  nm	
  in	
  all	
  cases,	
  except	
  for	
  the	
  1b-­‐2a	
  copolymer	
  (λ	
  =	
  237	
  nm);	
  Irel	
  =	
  1	
  is	
  
set	
   for	
   the	
   polymerized	
   state	
   as	
   ‘on’	
   and	
   Irel	
  =	
   0	
   is	
   set	
   for	
   the	
   polymerized	
   state	
   as	
  
switched	
  ‘off’.	
  

The	
  pH	
  titrations	
  for	
  both	
  1a-­‐2b	
  and	
  1b-­‐2a	
  copolymers,	
  lead	
  to	
  
pH	
  curves	
  that	
  reflect	
  our	
  predicted	
  trend.	
  Due	
  to	
  the	
  omission	
  
of	
  one	
  hydrophobic	
  amino	
  acid,	
  the	
  thermodynamic	
  stability	
  of	
  
the	
   copolymer	
   formation	
   is	
   reduced,	
   the	
   copolymerisation	
  
thereby	
   weakened	
   and	
   the	
   pH-­‐stability	
   window	
   of	
   the	
  
copolymers	
   narrowed.	
   The	
   copolymer	
   to	
   homopolymer	
  
transitions	
  and	
  release	
  of	
  complementary	
  comonomer	
  overlap	
  
with	
  the	
  pH	
  value	
  expected	
  for	
  the	
  homopolymer	
  formation	
  in	
  
a	
   solution	
   of	
   the	
   isolated	
   monomer.	
   Furthermore	
   the	
  
disassembly	
  of	
   the	
  copolymer	
   is	
   very	
   sharp	
  at	
   low	
  pH	
   for	
  1a-­‐
2b,	
  and	
  at	
  high	
  pH	
  for	
  1b-­‐2a.	
   In	
  the	
  contrary,	
  the	
  transition	
  is	
  
shallow	
   at	
   high	
   pH	
   for	
   1a-­‐2b,	
   and	
   at	
   low	
   pH	
   for	
   1b-­‐2a.	
   This	
  
result	
  is	
  significant	
  for	
  two	
  reasons:	
  first	
  we	
  were	
  able	
  to	
  shift	
  
the	
  triggered	
  disassembly	
  from	
  pH	
  4.2	
  for	
  1a-­‐1b,	
  to	
  pH	
  5.2	
  for	
  
1a-­‐2b	
   and	
   to	
   pH	
   5.8	
   for	
   2a-­‐1b.	
   Secondly,	
   the	
   transitions	
   at	
  
pH	
  4.2	
   and	
   at	
   pH	
  5.2	
   are	
   sharp	
   when	
   using	
   the	
   strongly	
  
aggregating	
   co-­‐monomer	
   1a,	
   but	
   more	
   shallow	
   for	
   the	
  
transition	
   at	
   pH	
  5.8	
   in	
   the	
   case	
   of	
   the	
   weakly	
   aggregating	
  
comonomer	
  2a.	
  Clearly,	
  the	
  choice	
  and	
  design	
  of	
  comonomers	
  
dictates	
  the	
  exact	
  pH	
  at	
  which	
  the	
  disassembly	
  occurs,	
  but	
  also	
  
the	
   cooperative	
   response	
   to	
   the	
   external	
   trigger.	
   In	
   case	
   a	
  
controlled	
  release	
  of	
  cargo	
  is	
  preferred	
  over	
  burst-­‐type	
  release	
  
often	
   observed	
   for	
   conventional	
   micellar	
   assemblies,	
   our	
  
design	
   features	
   will	
   have	
   important	
   implications	
   for	
   the	
  
structural	
  design	
  parameters	
  of	
  biomedical	
  delivery	
  vehicles.	
  

Conclusions	
  
In	
   summary,	
   we	
   have	
   synthesised	
   two	
   different	
   pairs	
   of	
  
oppositely	
   charged	
   amphiphilic	
   dendritic	
   peptides.	
   These	
   co-­‐
assemble	
   into	
   pH-­‐switchable	
   nanorod-­‐like	
   supramolecular	
  
copolymers	
   in	
  neutral	
  buffer.	
   In	
   the	
   first	
   set	
  of	
  pairs	
  we	
  have	
  
used	
  long	
  phenylalanine	
  rich	
  dendritic	
  peptides	
  that	
  are	
  extremely	
  
stable	
  towards	
  changes	
  in	
  pH	
  and	
  ionic	
  strength.	
  By	
  shortening	
  the	
  
peptide	
  sequence	
   in	
  the	
  second	
  comonomer	
  pair	
  the	
  removal	
  of	
  a	
  
single	
  aromatic	
  amino	
  acid	
  reduces	
  the	
  stability	
  significantly,	
  due	
  to	
  
reduced	
   hydrophobic	
   shielding.	
   Crucially	
   we	
   demonstrate	
   that	
   by	
  
co-­‐assembling	
   a	
   longer	
   and	
   stronger	
   β-­‐sheet	
   comonomer,	
   with	
   a	
  
second	
   weaker	
   β-­‐sheet	
   design,	
   the	
   stability	
   of	
   the	
   copolymers	
   is	
  
tuneable.	
   The	
   pH-­‐triggered	
   disassembly	
   for	
   the	
   copolymers	
   is	
  
shifted	
   from	
   pH	
  4.2	
   for	
   the	
   two	
   stronger	
   β-­‐sheet	
   monomers	
   to	
  
biologically	
   relevant	
   pH	
  5.8	
   for	
   the	
   mismatched	
   pair	
   between	
   a	
  
strong	
   cationic	
   and	
   a	
   weak	
   anionic	
   β-­‐sheet	
   synthon.	
  We	
   refer	
   to	
  
this	
   tuneable	
   pH-­‐regulated	
   polymerisation	
   as	
   comonomer	
  
mismatch	
  strategy,	
  and	
  expect	
  it	
  to	
  have	
  an	
  impact	
  on	
  the	
  design	
  of	
  
peptidic	
   delivery	
   vehicles	
   for	
   biomedical	
   applications,	
   since	
   the	
  
release	
   of	
   cargo	
   material	
   in	
   intracellular	
   compartments	
   is	
   a	
  
balance	
  between	
  decrease	
  of	
  the	
  pH	
  and	
  osmotic	
  swelling.	
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