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ABSTRACT:  While  many  synthetic
nanotubes  with  a  hydrophobic  lumen and
fast  molecular  transport  have  been
developed, decorating the interior of these
channels  with  polar  and/or  responsive
functional  groups  remains  challenging. In
transmembrane proteins like the aquaporin
and M2 channels, the presence of histidine
residues in a  mostly hydrophobic  channel
has  led  to  enhanced  selectivity  and  pH-
based  activation.  Herein,  we  report  the
synthesis  of  Bzim-CP,  a cyclic octapeptide
that contains a benzimidazole functionality
as  a  chemical  and  structural mimic of
histidine. Bzim-CP undergoes different
protonation  states,  forms  subnanometer
nanotubes,  and  projects  two  different
ionizable  functionalities  into  the  lumen.
Present  studies  open  up  synthetic
possibilities  to  functionalize  subnanometer
porous  channels  as  a  basis  toward
understanding new transport phenomena.

Nanotubes are promising materials capable of 
fast separations with molecular sieving,1−3 but 
obtaining enhanced separation properties 
relies on controlling their pore dimensions, 
size-dispersity, and interior chemical function- 
ality.2 Transmembrane proteins such as 
aquaporin4 and the M2 channel5 have well-
defined channel interiors that include polar 
amino acids like histidine in a hydrophobic 
channel. These features enable exceptional 
selectivity, flux, and even stimuli-responsive 
behavior for the M2 channel and have
inspired  the  design  of  many  synthetic
nanochannels.

Fully mimicking these structural and chemical
properties  synthetically  has  been  nontrivial.

Carbon nanotubes6−9 and pillarenes10 have fast
water  transport  due  to  confinement  and their
hydrophobic and smooth interior, but they are
difficult to  functionalize  internally  and  control
for size.  Lyotropic liquid crystals self-assemble
into  three-dimensional  structures  with
interconnected,  highly  charged  pores  that
separate  molecules  by  polarity,  charge,  and
size.11,12 Although  they  have  been
macroscopically  fabricated  into  desalination
membranes,  processing limitations and lack of
a  hydrophobic  core  limit  water flux.
Metal−organic frameworks have pores with
tunable  chemistry  and  geometry  that  are
promising for separations.1,13 However, they can
be  difficult  to  incorporate  into  polymeric
membranes because of materials compatibility
issues.14



Self-assembling  cyclic  peptides  (CP)  can
form high  aspect  ratio nanotubes (CPNs) with
subnanometer channels.  They  can mimic the
hourglass shape of transmembrane channels15

or  be  used  to  generate  porous  membranes
with  oriented  channels.16,17 Pore  size,18,19

shape,20 and exterior  chemical  properties21−23

can  be  precisely  tuned  by  changing  the
number or type of the amino acids in the CP
backbone, and recent efforts have focused on
introducing new chemical functionality to the
interior.24 Hydrophobic  features  including  a
methyl  group20 and  portions  of  cyclic  rings
have been introduced to the interior by using
artificial amino acids.25,26

Introducing  different  polar  or  stimulus-
responsive groups to

the interior of the CPN is much more desirable
to mimic natural channel proteins, but success
is rather limited.  The  earliest  example relied
on a lipid environment to twist exterior polar
groups  into  the  interior.27 Later,  cyclic  γ-
residues were used to insert hydroxyl28−30 and
hemiaminalic  oxygen31 functionalities.  The
hydroxyl group, however, interacted  with  the
backbone  and  limited  assembly  to  spherical
clusters  rather  than  forming  straight
nanotubes which are preferred for separations.
CPNs with  fluorinated interiors were recently
reported.32 Considering  the  design  of  these
different  CPNs,  in  particular to maintain
subnanometer channel diameters needed  for
size selection,  there are many challenges to
making  CPNs  with  polar  interiors.  The  main
obstacles  include  eliminating  unintended
hydrogen bonds that prevent nanotube forma-
tion,29 reducing  side  reactions,  and  cyclizing
peptides with bulky protecting groups.

Herein,  we  report  a  CPN  that  contains  a
benzimidazole  group in the backbone where
each subunit projects one of two  ionizable
nitrogen groups to the interior. The structural
and chemical similarity to histidine’s imidazole
group introduces pH-responsive properties to
the CP.

Synthesis of the benzimidazole-containing
CPN, Bzim-CP, is  shown  in  Scheme  1  and
started  with  synthesizing  an  artificial  amino
acid.  To  eliminate  side  reactions  during  the
subsequent  step, 1 was esterified and
recrystallized in ethanol to produce 2 (62%).
Boc protection  of  the  aniline  was performed
using  di-  tert-butyl-dicarbonate and 4-
dimethylaminopyridine in toluene producing 3
(74%).  The  ester  was subsequently
hydrolyzed



Scheme 1. Synthesis of Bzim-CP

using NaOH in a water/ethanol  mixture. After
careful  acidification,  extraction,  and
recrystallization,  4  was  obtained  (68%).  The
nitro  group  was  fully  hydrogenated  using  H2

and 5% Pd/C in methanol, affording 5 and used
without  further  purification.
Fluorenylmethyloxycarbonyl  (Fmoc)-protection
of  the  aniline  group  was  attempted  using
Fmoc-Cl  and  Fmoc-OSu but had low yield due
to side reactions. Instead, protected dipeptide
6 was formed by synthesizing Fmoc-D-Ala-  Cl
and reacting it with 5 (61%).

Using solid phase peptide synthesis on a 2-
chlorotrityl  chloride  resin,  a  linear  peptide
chain,  H2N-6-A-K-A-L-A-K-  OH,  was  grown
(underline  denotes  D-stereoisomer).  The
placement  of  dipeptide  6  in  the  sequence  is
important  for  CP  cyclization  and  was
systematically  screened.  The  optimal  location
was at the end of the growing chain. Placing it
earlier  also  resulted  in  either  premature
cleavage from the resin  or  side reactions. The
protected peptide was released from the resin
using  1%  trifluoroacetic  acid  (TFA)  in
dichloromethane  and  cyclized  using  1-
[bis(dimethylamino)methylene]-1H-  1,2,3-
triazolo[4,5-b]pyridinium    3-oxid
hexafluorophosphate.
Other coupling agents (propylphosphonic
anhydride, N,N′-
diisopropylcarbodiimide/1-
hydroxybenzotriazole, 2-(6-chloro-  1-H-
benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
hexafluor-  ophosphate,  N,N,N′,N′-tetramethyl-O-
(1H-benzotriazol-1-yl)-  uronium
hexafluorophosphate,  benzotriazol-1-yl-
oxytripyrroli-  dinophosphonium
hexafluorophosphate)  were  tested  but  had
negligible yield. A  final deprotection in TFA at
60 °C resulted
in a  ring-closing  reaction between 5  and the
neighboring carbonyl,  producing Bzim-CP. The
product  was  purified  by  high  performance
liquid  chromatography  (HPLC)  and
characterized by liquid chromatography−mass
spectrometry  (LC−MS)  and  nuclear  magnetic
resonance  (NMR)  spectros-  copy  (SI3.1−3.4).

NMR spectra indicate that both the exterior and
interior  nitrogens  of  the  benzimidazole  are
bonded to hydrogen in equal likelihood (SI3.3).

Individual  CPs  stack  to  form  nanotubes
through  hydrogen  bonds, resembling
antiparallel β-sheets which can be measured by
spectroscopy.33 Nanotubes were drop-cast onto
a  CaF2 plate,  and  their  solid-state  assembly
behavior  was  probed  by  Fourier-transform
infrared (FT-IR)  spectroscopy,  Figure  1a.  Bzim-
CP strongly absorbed at 3272, 1632, and 1545
cm−1 which correspond to the Amide A (NH
stretching), Amide I  (CO  stretching,
perpendicular  component),  and  Amide  II  (NH
bending and CN stretching) bands,
respectively, and



Figure  1.  (a)  FT-IR  spectra  of  dried  Bzim-CP
nanotubes. (b) Circular dichroism spectra of Bzim-
CP  in  10  mM  tris  buffer,  pH  7.4,  and  organic
solvents.  MeCN  samples  were  taken  as  a
suspension. (c) Temperature dependence of Bzim-
CP and the two CPN variants shown in panel d.

are  indicative  of  β-sheets34 and  nanotube
formation. The spectra is similar to and within
a few cm−1 of other reported CPNs.16,20,33 1673
cm−1 is  due  to  residual  TFA  from  HPLC
purification.35

Circular  dichroism (CD)  was  used  to  study
the assembly  in  solution,  Figure 1b. Bzim-CP
readily dissolved in 10 mM tris buffer (pH 7.4),
methanol,  and  ethanol,  and  typical  β-sheet
signatures were measured with a peak and
trough near 200 and  220  nm,  respectively.
This  finding  indicates  that  there  is  still  a
significant  degree  of  nanotube  formation
despite hydrogen bond competition from the
solvent.  The  slight  differences  in  peak  and
trough  locations  suggest  solvent-dependent
changes  in  the  CP  stacking  behavior  or
backbone  configuration.  Bzim-  CP,  however,
did  not  dissolve  in  acetonitrile  even  at
concentrations  down  to  1  μM,  but  a  40  μM
suspension  did  show  β-sheet-like  signature
with an offset trough. Crystal- lization of Bzim-
CP was attempted to probe the differences in
stacking behavior but was unsuccessful.

Bzim-CP was compared to two variants, (i)
(KA)4-CP17 which contains only α-amino acids
and (ii) Mba-CP20 which uses a γ-amino acid
for interior methylation, Figure 1c,d. In
methanol, the spectra for Bzim-CP had similar
peak and trough  wavelengths as that for
(KA)4-CP, although intensities varied  and
suggested  different  degrees  of  nanotube
formation.  Surprisingly,  the  spectra  for
Bzim-CP and Mba-CP differed greatly despite
both  containing  aromatic  compounds,  with
Mba-CP  lacking  β-sheet  signatures.  Each
solution was  also  heated from 20 to 65  °C,
and  the  overall  curve  shapes  were
maintained,  indicating  thermal  stability  of
the CPNs.  The  peaks for (KA)4-CP and Mba-
CP  showed  a  14%  and  21%  decrease,
respectively, in intensity while Bzim-CP
showed an  overall  upward  shift.  In

acetonitrile,  (KA)4-CP  also  did  not  dissolve,
but Mba-CP did at 100 μM and its spectra
suggests  nanotube  formation  as  reported
previously.20 Considering  their  relative
solubilities  and  CD spectra  in  the  different
solvents,  (KA)4-CP  likely  has  the  greatest
ability to form nanotubes, followed by Bzim-
CP.

Molecular  dynamics  simulations  were
performed  to  study  further the in-solution
equilibrium assembly behavior of Bzim-  CP
nanotubes.  Toluene,  a  low  dielectric  solvent,
was  used  to  strongly  encourage  hydrogen
bonding between CPs for



nanotube formation, Figure 2 and SI4. Bzim-CP
formed fewer  inter-ring bonds than (KA)4-CP,
which is consistent with its

Figure 2. MD simulations of Bzim-CP assembly in
toluene depending  on  whether  N−H is  on  interior
(a,c,e,g)  or  exterior  (b,d,f,h).  (a,b)  The respective
chemical  structure.  (c,d)  Dimer  formation  with
hydrogen  bond  formation  between  benzimidazoles
highlighted in panel c in pink. (e−h) Side and cross-
sectional views of nanotubes.

weaker CD signal.  The ring-stacking  behavior
was  also  found  to  be  dependent  on  which
nitrogen on the benzimidazole was protonated.
When  the  lumen  contains  the  hydrogen,  the
N−H group aligns well with the carbonyl on the
neighboring  ring,  allowing  on  average  6.4
hydrogen bonds to form between neighboring
CPs,  Figure  2c,e.  Straight  nanotubes  are
formed, which is ideal for transport. However,
when N−H is located on  the exterior of the
nanotube, the same alignment cannot occur,
resulting in only 5.3 hydrogen bonds forming.
To compensate,  the  CPN  bends  to  increase
inter-ring interactions, Figure 2d,f. The side and
cross-sectional  views give  further  insight  into
the  backbone  configuration  and  the  stacking
behavior.  The  benzimidazole  group splays  off
at an angle instead of  lying  flat in the ring.
Hydrogen  bonding  is  maximized  by  stacking
the CPs in  an antiparallel  fashion,  where  the
benzimidazole group in adjacent rings angle in
the opposite directions.

Dried  Bzim-CP  nanotubes  were  visualized
as  final  confirmation  of  assembly,  Figure  3.
Using atomic force microscopy (AFM), samples
spun-cast from toluene were observed as large,
networked bundles  of  nanotubes.  In  contrast,
Bzim-CP cast from dimethylformamide formed
straight  nanotube  bundles  measuring  583  ±
390  nm  long and 30 ± 7 nm wide. Bzim-CP in
acetonitrile  was drop-cast  onto a  carbon grid
and  negatively  stained  for  transmission
electron microscopy (TEM) imaging. Highly
curved, entangled  bundles  measuring  482  ±
310  nm  long  and  14  ±  2  nm  wide  were
observed.  The  various  degrees  of  bundling
between the samples likely resulted from both

differences  in  the  hydro-  phobic  effect  in
solution  as  well  as  a  hierarchically  oriented
alignment driven by the local concentrations of
nanotubes upon drying.36,37 Due to the apparent
differences  in  curvature,  the  persistence
lengths,  lp,  were  approximated  by  comparing
contour lengths and end-to-end distances of the
bundles (SI3.8). The lp values of samples cast
from dimethylformamide  (DMF)  were  8.4×
longer  than  those  from  acetonitrile.  Errors
associated  with  measuring  their  diameters
made comparing bending moduli difficult, but
differences in diameters likely



Figure  3.  AFM of  Bzim-CP  nanotube  bundles  cast
from (a) toluene and (b) DMF. (c) TEM of Bzim-CP
cast  from acetonitrile.  (d)  AFM of  PEG-conjugated
Bzim-CP  cast  from  DMF.  lp is  the  measured
persistence length.

caused  the  observed  differences.  For
dispersion and future integration into polymer
films,  poly(ethylene  glycol)  (MW  =  2000  g
mol−1)  was conjugated  to  the  exterior  lysine
handles.  The  CPN-PEG  conjugates  (PEG:
polyethylene  glycol)  were  cast  from
dimethylformamide,  resulting  in  shorter  and
narrower individual nanotubes measuring 121
± 56 nm long and 7 ± 1 nm wide.

The change in electronic structure of the
Bzim-CP backbone  was monitored as a
function of pH using UV−vis spectroscopy,
Figure  4a,b.  At  pH 2.1,  an absorbance  peak
and shoulder at 250 and 280 nm, respectively,
were  observed.  With  increasing  pH,  the
absorption peak and shoulder shifted to 270
and 300 nm, respectively, before becoming a
single peak at 315 nm,

Figure 4. Changes in (a) absorption and (b) intensity
of  major  peaks  of  Bzim-CP  as  a  function  of  pH,
revealing three ionization states. (c) Normalized CD
signal  (dots)  compared  to  nonprotonated/proto-
nated  ratio  predicted  by  the
Henderson−Hasselbalch equation (dotted line) as a
function of pH. Inset: corresponding CD spectrum,
suggesting CPN dissociation
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revealing  three  protonation  states  with  pKa

values  of  approximately  3.2  and  11.5.
Reversing the pH showed that the absorption
change is reversible. Loss of the β-sheet signal
was observed by CD as the pH was decreased
below the lower pKa, Figure 4c. The normalized
signal at 220 nm correlated  strongly  with the
protonation  states  predicted  by  the
Hendersen−Hasselbalch  equation,  suggesting
that  the  CPN  disassembles due to ionic
repulsion from the positively charged
benimidazole groups. Due to high absorbance,
this  process  could not be repeated near the
higher pKa but is expected to be  similar as
Bzim-CP becomes negatively charged. (KA)4-CP
and Mba-CP showed no pH dependence under
the  same  conditions  because  they  have  no
ionizable  backbone  groups  in  this  pH  range
(SI3.5). While Bzim-CP dissociates in solution at
extreme  pH  values,  putting  Bzim-CP  in  a
condensed  phase  like  a  polymer  matrix  may
help  maintain   the  structure,  and  further
stabilization may be possible by doping in other
CPs  into  the  nanotube  to  separate  charged
CPs.38,39 The latter approach would also better
mimic  the  chemical  makeup found in  protein
channels.

To conclude, we have developed an organic
nanotube  that  introduces  new  pH-responsive
properties into the interior of the channel, and
its polymer conjugate should be amenable to
subnanometer  porous  film  fabrication.17

Because  the  benzimi-  dazole functionality
mimics histidine side chains, Bzim-CP may
introduce new biomimetic transport properties
such  as  those  found  in  transmembrane
channels, and future work will focus on closely
studying  how the  different  interior  properties
affect  transport.  The  CPN  in  this  work
complements  the  already  existing  library  of
hydrophobic CPNs, bringing the  field  one  step
closer  to  achieving  organic  nanotubes  with
variable  and  dynamic  interiors  for  better
molecular recognition and transport.
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