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Self-‐assembly	  of	  amphiphilic	  anionic	  calix[4]arene	  and	  
encapsulation	  of	  poorly	  soluble	  naproxen	  and	  flurbiprofen†	  	  
Lucia	  Barbera,a	  Giuseppe	  Gattuso,a	  Franz	  H.	  Kohnke,a	  Anna	  Notti,a,*	  Sebastiano	  Pappalardo,b	  
Melchiorre	  F.	  Parisi,a	  Ilenia	  Pisagatti,a,*	  Salvatore	  Patanè,c	  Norberto	  Micalid	  and	  Valentina	  Villarid

Supramolecular	   aggregates	   formed	   through	   the	   association	   of	   an	  
amphiphilic	  tetra-‐O-‐butylsolfonato	  calix[4]arene	  1	  were	  investigated	  
in	   aqueous	   solution	   by	   a	   combination	   of	   different	   techniques	   (NMR,	  
DLS	  and	  AFM).	  The	  ability	  of	  the	  micellar	  aggregates	  of	  calixarene	  1	  to	  
increase	  the	  solubility	  of	  poorly	  water-‐soluble	  drugs	  was	  studied.	  

The	   controlled	   self-‐assembly	   of	   synthetic	   amphiphiles	   has	  
attracted	   wide	   interest	   for	   its	   potential	   in	   many	  
biotechnological	   applications.	   The	   use	   of	   tailor-‐made	  
surfactants	   is	   pivotal	   to	   the	   study	   of	   natural	   self-‐assembled	  
structures	   (e.g.	   bio-‐membranes)	   and	   to	   the	   understanding	   of	  
their	  structural	  transition	  during	  biological	  processes.	  Specially	  
designed	   amphiphiles	   can	   provide	   useful	   information	   on	   the	  
different	   non-‐covalent	   contributions	   (hydrophobic,	   hydrogen	  
bonding,	  van	  der	  Waals,	  π-‐stacking)	   involved	  in	  the	  formation	  
of	   a	   given	   type	   of	   micelle,	   vescicle	   or	   bilayer.1	   In	   addition,	  
surfactant	   formulations	   are	   finding	   growing	   applications	   as	  
drug	  delivery	  systems	  in	  the	  clinical	  field,	  owing	  to	  their	  ability	  
to	  encapsulate	  and	   transport	  a	  hydrophobic	  pharmaceutically	  
active	   drug	   to	   its	   therapeutic	   target.	   In	   this	   context,	   the	  
correlation	   between	   different	   surfactant	   aggregation	   modes	  
and	   the	   resulting	   interactions	   with	   a	   given	   substrate	   is	   of	  
particular	   importance.	   Micellar	   systems,	   when	   used	   as	  
aqueous	   carriers,2	   have	   several	   key	   advantages	   over	   other	  
delivery	   systems,3	   such	   as	   soluble	   polymers	   and	   liposomes,	  
including	  reduced	  size,	  high-‐loading	  capacity	  as	  well	  as	  control	  
over	  their	  assembly/disassembly,	  and	  hence	  over	  their	  loading	  
and	  releasing	  abilities,	  which	  are	  in	  turn	  driven	  by	  their	  critical	  

micelle	  concentration	  (cmc).	  
Calixarene-‐based	   surfactants	   are	   a	   relatively	   new	   class	   of	  
amphiphiles	  which,	   in	   addition	   to	   the	   usual	   hydrophobic	   and	  
hydrophilic	   properties,	   offer	   additional	   inclusion	   capabilities	  
thanks	   to	   the	  presence	  of	   the	  aromatic	   cavity.4	  Moreover,	  by	  
changing	   the	   nature	   of	   the	   polar	   moieties5	   and/or	   their	  
position	   on	   the	   calixarene	   macrocycle	   (i.e.,	   on	   the	   upper	   or	  
lower	   rim),6	   and/or	   the	   size	   of	   the	   calix[n]arene	   core	   and/or	  
the	  length	  of	  the	  hydrophobic	  portion,7	  it	  is	  possible	  to	  obtain	  
a	   range	   of	   tailor-‐made	   amphiphiles	   with	   different	   cmcs	   and	  
aggregation	   properties.	   When	   compared	   with	   conventional	  
surfactants,	   amphiphilic	   calixarenes	   show	   lower	   cmc	   values	  
and	   the	   ability	   to	   self-‐assemble	   into	   structurally	   persistent	  
micelles.8	   Their	   recognition	   properties	   in	   water,9	   low	  
cytotoxicity	   and	   lack	   of	   haemolytic	   effects	   make	   them	  
promising	   candidates	   for	   medical	   and	   pharmaceutical	  
applications.6,10	   As	   a	   consequence,	   charged	   or	   neutral	  
amphiphilic	   calixarenes	   have	   recently	   been	   investigated	  
because	   of	   their	   ability	   to	   form	   micelles	   to	   be	   used	   in	   drug	  
delivery.11	  
We	   recently	   reported	   that	   lower	   rim	   alkanesulfonate	  
calix[5]arene	   micelles	   are	   able	   to	   encapsulate	   biologically	  
relevant	  amines	   in	  water	  despite	  their	   intrinsically	  hydrophilic	  
character.12	   In	   this	   communication	   we	   wish	   to	   describe	   the	  
aggregation	   properties	   of	   a	   homologous	   amphiphilic	  
calix[4]arene13	  and,	  down	  the	   line,	   the	  ability	  of	   the	  resultant	  
micellar	   aggregates	   to	   solubiliee	   poorly	   water-‐soluble	   anti-‐
inflammatory	  drugs,	  naproxen	  (2)	  and	  flurbiprofen	  (3).14	  
Amphiphilic	  calix[4]arene	  1	  was	  obtained	  in	  64%	  yield	  from	  p-‐
tert-‐butylcalix[4]arene	   and	   1,4-‐butanesultone	   by	   adapting	   a	  
procedure	   previously	   reported15	   for	   the	   larger	   calix[5]arene	  
derivative.9e	   The	   1H	   NMR	   spectrum	   of	   1,	   recorded	   at	   a	   low	  
concentration	   ([1]	   =	   0.2	   mM,	   D2O)	   displays	   a	   set	   of	   sharp	  
resonances	   typical	   of	   a	   monomeric	   species	   adopting	   a	   cone	  
conformation	  (Fig.	  1a).16	  
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Upon	   increasing	   the	   concentration	   to	   1.4	   mM	   (Fig.	   1b),	   the	  
resonances	  broaden,	   indicating	  that	  an	  aggregation	  process	   is	  
taking	  place,	  and	  thus	  confirming	  the	  surfactant	  nature	  of	  1.	  At	  
this	   concentration,	   a	   second	   broad	   signal	   for	   the	   aromatic	  
protons	  appears	  at	  δ	  6.78	  ppm	  (see	  arrows	  in	  Fig.	  1	  b,c),	  whose	  
intensity	  increases	  until	  it	  becomes	  the	  predominant	  species	  in	  
solution	   (for	   [1]	  ≥	   4.0	  mM,	  Fig.	  1c,d),	   and	  can	  be	  assigned	   to	  
the	   formation	   of	   a	   micellar	   aggregate.	   The	   concomitant	  
presence	   of	   two	   close	   but	   distinct	   sets	   of	   aromatic	   signals	  
indicates	  a	  slow	  exchange	  on	  the	  NMR	  time-‐scale	  between	  the	  
two	  species.	  

	  
	  

Fig.	   1	   1H	   NMR	   (500	   MHz,	   298	   K,	   D2O)	   spectra	   of	   calix[4]arene	   1	   at	   different	  
concentrations:	  (a)	  0.2	  mM,	  (b)	  1.4	  mM,	  (c)	  2.3	  mM	  and	  (d)	  4	  mM.	  

The	  critical	  micellar	  concentration	  for	  1	  in	  D2O	  was	  determined	  
by	   diffusion-‐ordered	   NMR	   (DOSY)17	   studies,	   using	   calixarene	  
solutions	   in	  the	  10.0–0.10	  mM	  concentration	  range.	  A	  cmc	  of	  
1.15	   mM‡	   was	   estimated	   from	   the	   intersection	   point	   of	   the	  
two	  lines	  best	  fitting	  the	  experimental	  data	  points	  obtained	  by	  
plotting	   the	   self-‐diffusion	   coefficient	   (D1,obs)	   vs	   the	   inverse	   of	  
the	  concentration	  of	  calixarene	  1	  (Fig.	  2).	  
A	  closer	   inspection	  of	  the	  concentration	  ranges	  slightly	  below	  
and	  above	  the	  cmc	  (see	   insert	   in	  Fig.	  2)	  showed	  the	  presence	  
of	   two	   distinct	   break	   points	   (at	   0.83	   and	   1.41	   mM,	  
respectively),	  reasonably	  ascribable	  to	  two	  distinct	  aggregation	  
phenomena	   of	   1.	   The	   former	   (0.83	   mM)	   likely	   refers	   to	   the	  
initial	   formation	   of	   small	   oligomers	   (premicelles)18	   seen	   –on	  
the	   NMR	   time-‐scale–	   in	   a	   fast-‐exchange	   regime	   with	   the	  
monomers.	   The	   latter	   (1.41	   mM),	   on	   the	   other	   hand,	   most	  
probably	  indicates	  the	  onset	  of	  micellar	  aggregation	  (Fig.	  1b).	  
	  

	  
	  

Fig.	  2	  Plot	  of	  the	  self-‐diffusion	  coefficients	  (D1,obs)	  vs	  the	  inverse	  of	  the	  concentration	  of	  
calixarene	  1	  in	  D2O	  at	  25	  °C.	  

As	   the	   concentration	   of	   1	   increases	   further	   (above	   3.0	  mM),	  
new	  peaks	  appear	  in	  the	  1H	  NMR	  spectrum	  (see	  arrows	  in	  Fig.	  
1d)	  and,	  accordingly,	  new	  aggregates	  form	  as	  the	  result	  of	  an	  
additional	   structural	   transition	   (micelle-‐micelle	   or	   micelle-‐
vescicles).§	  The	  hydrodynamic	  radii	  (Rh)	  for	  the	  monomer	  (7.9	  
Å)	   and	   the	  micelle	   (24.9	  Å)	  were	   conveniently	   obtained	   from	  
the	  D1,obs	   values	  determined	  below	   ([1]	  =	  0.1	  mM)	  and	  above	  
([1]	  =	  10.0	  mM)	  the	  cmc,	  using	  the	  Stokes-‐Einstein	  equation.	  
Additional	   evidence	   corroborating	   micelle	   formation	   was	  
obtained	   from	   2D	   NOESY	   studies	   (see	   ESI,	   Fig.	   S1†).	   The	  
spectrum	  of	  a	  5.0	  mM	  solution	  of	  1	  shows	  NOE	  cross-‐peaks	  for	  
all	   the	   calixarene	   resonances.	   Interestingly,	   there	   are	   cross-‐
peaks	   indicating	   the	   proximity	   of	   the	   upper-‐rim	   tert-‐butyl	  
hydrogen	   atoms	   and	   the	   lower-‐rim	   butanesulfonate	   residues	  
of	   adjacent	   calixarene	  molecules.	   Conversely,	   the	   absence	   of	  
cross-‐peaks	   in	   the	  spectrum	  of	  1	   in	   the	  monomeric	   form	   (0.5	  
mM)	   demonstrates	   the	   intermolecular	   origin	   of	   the	   NOEs	  
mentioned	   earlier	   (i.e.,	   [1]	   =	   5.0	  mM),	   suggesting	   that	   in	   the	  
micellar	  aggregate	   the	  calixarene	  units	  are	  probably	  arranged	  
in	  a	  staggered	  fashion	  (Fig.	  3).12,19	  

	  
Fig.	  3	  Schematic	  representation	  of	  staggered	  calixarene	  molecules	  within	  a	  micelle.	  
Arrows	  indicate	  relevant	  NOE	  cross-‐peaks.	  

As	   already	   observed	   for	   the	   parent	   calix[5]arene,9e	   NMR	  
quantitative	  analysis	  (see	  ESI†)	  of	  D2O	  solutions	  of	  calixarene	  1	  
below	  the	  cmc	  showed	  an	  apparent	  discrepancy	  between	  the	  
nominal	   and	   the	   detectable	   concentrations	   of	   monomer	   in	  
solution	  (for	  example,	  for	  [1]	  =	  0.2	  mM,	  a	  concentration	  of	  [1]	  
=	  0.1	  mM	  was	  calculated).	  
In	   line	   with	   previous	   observations	   on	   the	   tendency	   of	  
amphiphilic	  calixarene-‐type	  surfactants	  to	  aggregate	  below	  the	  
cmc,	   in	   large	   infinite	   structures	   (“open	  model”19),	   in	   the	   case	  
of	  1,	  dynamic	  light	  scattering	  (DLS)	  experiments	  (Fig.	  4a)	  below	  
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the	  estimated	   cmc	   revealed	   the	  presence	  of	   two	  populations	  
of	   very	   large	   aggregates11a,20	   with	   hydrodynamic	   radii	   of	  
approximately	   100	   and	   300	   nm.	   The	   number	   fraction	   of	   the	  
300	   nm	   aggregates	  was	   found	   to	   be	   about	   0.03.21	  When	   0.5	  
and	  5.0	  mM	  aqueous	  solutions	  of	  1	  were	  pre-‐filtered	  through	  a	  
0.45	  µm	  millipore	  membrane,	  the	  100	  nm	  aggregates	  became	  
even	   more	   predominant,	   with	   the	   number	   fraction	   of	   the	  
larger	   aggregates	   (300	   nm)	   decreasing	   to	   about	   0.01	   and	  
becoming	   almost	   negligible	   in	   the	   two	   solutions,	   respectively	  
(Fig.	   4b).	   Remarkably,	   no	   smaller	  micellar	   aggregates	   (i.e.,	   in	  
the	   2	   nm	   range)	   were	   visible	   by	   DLS	   either	   before	   or	   after	  
filtration.	  It	  then	  follows	  that	  a	  combined	  use	  of	  DOSY	  –for	  the	  
smaller	   aggregates–	   and	   DLS	   –for	   the	   larger	   ones,	  
”transparent”	   to	   NMR22–	   is	   necessary	   to	   get	   a	   full	   picture	   of	  
the	   aggregating	   behaviour	   of	   amphiphilic	   molecules	   such	   as	  
1.23	   Our	   data	   indicate	   that	   calixarene	   1	   self-‐assembles	   in	  
premicelles	  and	  very	  large	  aggregates	  below	  the	  cmc.	  
	  

	  
Fig.	  4	  Size	  distributions	  of	  the	  calixarene	  1	  aggregates	  in	  aqueous	  solutions:	  (a)	  [1]	  =	  0.5	  
mM;	  (b)	  [1]	  =	  0.5	  and	  5.0	  mM	  (black	  and	  red	  trace,	  respectively)	  after	  filtration	  through	  
a	  0.45	  µm	  millipore	  filter.	  	  

Atomic	   force	   microscopy	   (AFM)	   measurements	   provided	  
information	  on	   the	  morphology	  of	   these	  aggregates,	   showing	  
that	   calixarene	   1	   tends	   to	   form	   complex	   structures,	   most	   of	  
them	   having	   an	   average	   diameter	   of	   100–200	   nm,	   though	  
many	  smaller	  particles	  (ca.	  50	  nm)	  are	  also	  visible	  (Fig.	  5).	  
	  

	  
Fig.	  5	  AFM	  topography	  image	  of	  calixarene	  1.	  

In	  order	  to	  test	  the	  potential	  of	  amphiphilic	  calix[4]arene	  1	  to	  
act	  as	  a	  molecular	  carrier	  upon	  micelle	  formation,	  we	  decided	  
to	   investigate	   its	  ability	  to	   increase	  the	  water	  solubility	  of	  the	  
nonsteroidal	   anti-‐inflammatory	   hydrophobic	   drugs	   naproxen	  
(2)	  and	  flurbiprofen	  (3).	  The	  1H	  NMR	  spectra	  of	  pure	  naproxen	  
and	  flurbiprofen	  in	  D2O	  prior	  to	  and	  after	  segregation	  within	  a	  
5.0	   mM	  micellar	   solution	   of	   1	   (see	   below	   for	   the	   extraction	  
conditions	   used)	   are	   shown	   in	   Fig.	   6.	   In	   both	   cases	   under	  
examination,	   all	   the	   resonances	   of	   2	   and	   3	   underwent	  
significant	   complexation-‐induced	   shifts,	   as	   a	   result	   of	   an	  
interaction	   between	   the	   drug	   and	   the	   micellar	   environment	  
provided	   by	   1.	   On	   the	   other	   hand,	   a	   parallel	   extraction	  
experiment,	  carried	  out	  below	  the	  cmc	  (see	  ESI,	  Fig.	  S2†),	  ruled	  
out	   the	   formation	   of	   inclusion	   complexes	   between	   1	   (as	   a	  
monomer)	  and	  the	  two	  drug	  molecules.	  
	  

	  
Fig.	  6	  1H	  NMR	  (500	  MHz,	  298	  K,	  D2O)	  spectra	  of:	  (a)	  [1]	  =	  5.0	  mM;	  (b)	  2	  after	  
extraction	  with	  a	  5.0	  mM	  solution	  of	  1;	  (c)	  [2]	  =	  0.14	  mM;	  (d)	  3	  after	  extraction	  
with	  a	  5.0	  mM	  solution	  of	  1	  and	  (e)	  [3]	  =	  0.13	  mM.	  	  

2D	  NOESY	  NMR	  experiments,	  were	  used	   to	   shed	   light	  on	   the	  
location	  and	  orientation	  of	   the	  drugs	  within	  the	  micelles.	  The	  
α-‐CH3	   group	   of	  2	   shows	  NOE	   interactions	  with	   the	   hydrogen	  
atoms	  of	  both	  the	  aromatic	  and	  the	  aliphatic	  moieties	  of	  1	  (Fig.	  
S2†).	  Flurbiprofen	  (3)	  displays	  stronger	  correlation	  peaks,	  with	  
the	  aromatic	  signal	  at	  δ	  7.19	  ppm	  showing	  diagnostic	  contacts	  
with	  all	  the	  calixarene	  resonances	  (red	  circles	  in	  Fig.	  7).	  Cross-‐
peaks	  are	  consistent	  with	  the	  aromatic	  unit	  of	  3	  and	  the	  lower-‐
rim	   aliphatic	   moieties	   of	   1	   being	   in	   close	   proximity.	   These	  
findings	   suggest	   that	   naproxen	   and	   flurbiprofen	   molecules	  
most	  likely	  reside	  within	  the	  micellar	  palisade	  of	  1,	  oriented	  in	  
such	  a	  way	  that	   the	  aromatic	   ring	  of	   the	  drug	  points	   towards	  
the	   interior	   of	   the	   micelle,	   where	   they	   can	   experience	  
favourable	   π-‐π	   interactions	   with	   the	   calixarene	   outer	   faces,	  
while	   the	   carboxylic	   acid	   moiety	   points	   in	   the	   opposite	  
direction,	  towards	  the	  bulk.	  
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Fig.	  7	  Section	  of	  the	  2D	  NOESY	  spectrum	  (500	  MHz,	  298	  K)	  of	  a	  D2O	  solution	  of	  1	  and	  3.	  

To	   estimate	   the	   degree	   of	   solubilisation	   of	   the	   two	   drugs	   by	  
the	  calixarene	  micellar	  solutions,	  three	  different	  solutions	  of	  1	  
with	   concentrations	   above	   the	   cmc	   (2.5,	   5.0	   and	   10.0	   mM)	  
were	   employed	   for	   solid-‐liquid	   extraction	   experiments	   with	  
fixed	   aliquot	   drug	   samples	   (5	  mmoles).	   After	   24	   h	   stirring	   at	  
room	  temperature,	  the	  resulting	  suspensions	  were	  centrifuged	  
to	   remove	   the	   undissolved	   2	   or	   3,	   as	   well	   as	   any	   large	  
calixarene/drug	   aggregates	   formed,	   and	   then	   the	  
concentrations	   of	   the	   calixarene	   and	   naproxen/flurbiprofen	  
present	  in	  the	  supernatant	  were	  determined	  by	  a	  quantitative	  
NMR	  protocol	  (see	  ESI†).	  
Data	  in	  Fig.	  8	  shows	  the	  amount	  of	  naproxen	  and	  flurbiprofen	  
solubilised	   as	   a	   function	   of	   the	   surfactant	   concentration.	   The	  
sparing	  water	  solubility	  of	  these	  drugs24	  significantly	  improves	  
–a	   linear	   correlation	   is	   observed–	   with	   increasing	   calixarene	  
concentration.	   Molar	   solubilisation	   capacities24a	   of	   0.20	   and	  
0.51,	  for	  naproxen	  and	  flurbiprofen	  respectively,	  were	  derived	  
from	  the	  slope	  of	  the	  linear	  regression.	  
	  

	  
Fig.	  8	  Plots	  of	  drugs	  vs	  calixarene	  concentrations	  determined	  by	  quantitative	  NMR.	  

To	  the	  best	  of	  our	  knowledge,	  these	  results	  compare	  well	  with	  
those	   reported	   for	   other	   anionic	   surfactants.24a,25,26	   It	   is	   a	  
matter	   of	   fact	   that	   the	   extent	   of	   segregation	   of	   molecules	  
bearing	   acid	  moieties	   inside	   anionic	  micelles	   depends	   on	   the	  
pKa	   of	   the	   target	  molecule.	   That	   is,	   the	   lower	   the	   pKa	   of	   the	  
target	  molecule,	  the	  stronger	  the	  repulsion	  between	  the	  acidic	  
guest	  (in	  the	  deprotonated	  form)	  and	  the	  anionic	  head-‐groups	  
of	   the	   micelles	   is	   expected	   to	   be,	   thus	   decreasing	   the	  
solubilisation	  efficiency.24a	  On	  the	  other	  hand,	  it	  is	  known	  that	  
the	   pKa	   of	   lipophilic	   carboxyl	   acids	   may	   increase	   in	   the	  
hydrophobic	   medium	   of	   micelles	   with	   respect	   to	   aqueous	  

solution.27	   Naproxen	   and	   flurbiprofen	   (pKa	   ca.	   4.2–4.8)
28	   are	  

not	  fully	  ionized	  in	  an	  aqueous	  solution	  of	  calixarene	  1	  (pH	  5.4)	  
and,	   as	   a	   result,	   the	   undissociated	   form	   can	   easily	   be	  
incorporated	  inside	  the	  anionic	  micelles.	  
Given	   that	   quantitative	   NMR	   measurements	   cannot	   indicate	  
the	   molar	   fraction	   of	   drug	   molecules	   segregated	   inside	   very	  
large	   aggregates	   (Rh	   =	   100–300	   nm)	   –as	   these	   are	   “NMR	  
invisible”–	  the	  total	  concentration	  of	  naproxen	  dissolved	  in	  an	  
aqueous	   5.0	  mM	  micellar	   solution	   of	  1	  was	   also	   investigated	  
by	   UV	   spectroscopy.	   To	   this	   end,	   to	   avoid	   the	   potential	  
overlapping	   of	   calixarene	   and	   naproxen	   absorbance	   bands	  
during	   the	   analysis	   in	   an	   aqueous	   solution,	   naproxen	   was	  
extracted	   in	   CHCl3	   and	   its	   concentration	  
spectrophotometrically	   determined,	   in	   the	   absence	   of	   1,	  
before	  and	  after	  filtration	  through	  0.1	  µm	  Millipore	  filters	  (see	  
ESI†).	  Data	  obtained	  (Table	  S2†)	  for	  the	  filtered	  solutions	  ([2]	  =	  
0.63	   ±	   0.03	   mM)	   are	   in	   excellent	   agreement	   with	   the	   NMR	  
measurements,	  whereas	  slightly	  higher	  values	  were	  found	  for	  
the	  unfiltered	  ones	  ([2]	  =	  0.85	  ±	  0.03	  mM),	  thus	  indicating	  that	  
the	   bigger	   aggregates	   of	   1	   are	   also	   able	   to	   encapsulate	   the	  
drugs	  under	  investigation.	  
The	  affinity	  of	   drugs	  2	   and	  3	   for	   the	  micellar	   environment	  of	  
calixarene	   1	   was	   also	   demonstrated	   by	   means	   of	   DOSY	  
measurements.	   Data	   in	   Table	   1	   shows	   that	   the	   diffusion	  
coefficients	  of	  naproxen	  and	  flurbiprofen	  decrease	  from	  5.47–
5.66	   ×	   10–10	   m2/s	   (for	   the	   free	   species)	   to	   values	   closer	   to	  
those	   of	   the	   calixarene	   micellar	   aggregates.	   Moreover,	   the	  
diffusion	   coefficients	   of	   calixarene	   1	   in	   drug-‐encapsulated	  
micelles	  (D1,drug;	  Table	  1)	  are	  even	  smaller	  than	  that	  measured	  
for	  1	  on	   its	  own	  (D1).¶	  These	  results	  clearly	  demonstrate	  that	  
the	  translational	  mobility	  of	  2	  and	  3	  is	  considerably	  reduced	  as	  
a	   result	   of	   their	   binding	   to	   the	   micelle,	   and	   that	   upon	   drug	  
encapsulation	  micellar	  aggregates	  of	  calixarene	  1	  grow	  in	  size.	  
These	   findings	  were	   further	   confirmed	  by	  AFM	   investigations	  
(see	  ESI,	  Fig.	  S4†).	  	  
	  

Table	  1.	  Diffusion	  coefficients	  (×	  10–10	  m2/s)	  of	  drugs	  2	  and	  3	  on	  their	  own	  (Ddrug),	  
after	  extraction	  with	  a	  5.0	  mM	  solution	  of	  1	  (Ddrug,1),	  and	  1	  after	  binding	  the	  drug	  
(D1,drug)	  

	   Ddrug	   Ddrug,1	   D1,drug	  
2	   5.47	  ±	  0.08	   1.58	  ±	  0.04	   0.98	  ±	  0.02	  

(D1	  =	  1.38	  ±	  0.01	  at	  2.8	  mM)	  
3	   5.66	  ±	  0.07	   1.29	  ±	  0.02	   1.01	  ±	  0.02	  

(D1	  =	  1.48±0.01	  at	  2.5	  mM)	  

Conclusions	  
The	   aggregation	   properties	   of	   the	   amphiphilic	   p-‐tert-‐
butylcalix[4]arene	   tetra-‐O-‐butylsulfonate	   (1)	   have	   been	  
evaluated	  by	  means	  of	  complementary	  techniques	  (NMR,	  DLS,	  
AFM)	   to	   reveal	   the	   presence	   of	   differently-‐sized	   aggregates	  
even	   below	   the	   cmc.	   The	   lypophilic	   environment	   created	   by	  
the	   micellar	   aggregates	   greatly	   enhances	   the	   solubility	   of	  
poorly	  water-‐soluble	  drugs	  such	  as	  naproxen	  and	  flurbiprofen.	  
This	   study	   indicates	   that	   calixarene-‐type	   surfactants	   have	  
interesting	   aggregation	   features,	   which	   could	   be	   exploited	  
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further	   in	   the	   mimicking	   of	   natural	   surfactants	   and	   in	   the	  
development	  of	  novel	  drug	  delivery	  systems.	  
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