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ABSTRACT: Peptide-polymer hybrid nanotubes (PPNT) were prepared by a combination of self-assembling
functional cyclic peptides and in-situ surface-initiated atom transfer radical polymerization (ATRP). Cyclic peptides
that consist of alternating- and L-amino acids, carrying ATRP initiators in distinct side chains, were self-
assembled into hollow nanotubes that expose all initiation moieties at the outer surface, thereby forming a cyclic
peptide initiator nanotube (CP-ini). The CP-ini nanotubes were dispersed in 2-propanol, and a surface-initiated
ATRP reaction has been performed ushdgsopropylacrylamide (NIPAM) as monomer, tris[2(dimethylamino)-
ethyllamine (M@TREN) as ligand, and additional sacrificial (model) initiator. The molar mass of the resulting
PNIPAM can be well controlled by adjusting the polymerization time (i.e., reaction conversion). The solvent-
free height of the PNIPAMPPNT, as measured by statistical analysis of cross sections of atomic force microscopy
(AFM) height micrographs, increases with increasing molar mass of the attached PNIPAM chains in a well-
controlled manner. The latter allows for the first time to tailor the outer diameter of self-assembled peptide nanotubes
in a very precise way without changes to the primary sequence of the peptide ring. The length of the PNIPAM
PPNT remains almost constant with increasing polymerization time; however, at larger polymerization times, a
decrease in absolute number of PPNT is observed, and smaller particles are increasingly present due to a breakup
of the PNIPAM-PPNT into smaller peptidepolymer hybrid nanoobjects.

Introduction into the primary structure of inherently stiff helidésr the
Channel-forming proteins and peptides are among the mostthermodynami.cally controlled folo!ing of molecules intg helices
fascinating class of functional nanodevices found in nature. They that leave an inner void resembling the tubular architecttre.
are responsible for selectively transporting signals in and Folk_)wmg the design principles of natural channels very closely,
between cells, which subsequently can initiate a cascade ofMlatile and co-workers recently reported the self-assembly of
reactions necessary for cellular functibh.Channels that peptide-modified oligge-phenylene®¥ into a barrel-like archi-
selectively permit the diffusion of water molectiesr small tecture that mimics natural channels such astfemolysin:’
ions# for example, maintain the pressure inside of our cells and N Other examples, artificial nanotubes are prepared by the self-
are the underlying driving force that cause our muscles to tense 25S€mbly of low-molecular-weight organic molecules, where
In some cases, hanochannels found in nature even possesgoncovalent|nteract|ons do not only allow for the stacking into

interesting properties such as they function as closed reaction® tubular architecture but also modulate the cyclic cross sections
chamber®or have antibiotic activities. along the tubes short axdg? An interesting work by Percec

Driven by the large variety of these different functions natural nd co-workers uses dentritic amphiphiles with a dipeptide
nanochannels fulfill, scientists are increasingly being attracted "€2dgroup that self-assemble into well-defined nanochannels
to the challenge of designing artificial nanochannels and caPable of mediating ion transport through a lipid bilayers.
nanotubes because of possible applications progressing from Finally, artificial nanotubes can be prepared by the precise
the use as molecular sieves in advanced separation techndlogiesstacking of ring-type moleculésPhenylené® phenylene-
the design of nanoscale fluidic transport devitésthe use as  ethynylene® and phenylenediethynylene macrocycléself-
ion-selective sensing devicg$? and as novel antibacterial ~assemble into tubular architectures, where the individual rings
agents-! To this, a number of interesting supramolecular design are held together via—z-interactions. Interestingly, Hyer and
strategies for the preparation of artificial nanochannels have co-workers showed that, by modifying the peripheral functions
evolved over the past decade, and the state of the art of existingn a precise way, solvent-triggered conformational changes
synthetic strategies has been very recently reviewed in detailwithin the backbone of a phenylendiethynylene macrocycle
by Balbo-Block et af? can switch pore sizes from about 0.4 nm to more than 2hm.

In contrast to nanotubular materials prepared through tem-  Following first conceptional work by DeSan&sGhadiri and
plated- or artificial-growth mechanism, supramolecular ap- co-workers pioneered the design of cyclic peptides that consist
proaches offer some distinct advantages, such as high converof an even number of- and L-amino acids that can be self-
gence in synthesis, regioselective functionalization of interfaces, assembled into nanotubular stacks consisting of a large number
control of self-assembly, and high yields. Artificial nanotubes of peptide subunits by formation of intermolecular hydrogen
can be prepared, for example, by the folding of chainlike bonds?2-24 These cyclic peptides possess a very flat conforma-
molecules into a helical secondary ma#f* The driving forces  tion with all amide functions lying perpendicular to the plane
here are either the precise imprint of geometrical constraints of the molecule. The latter allows the buildup of an extended

hydrogen-bonded network, preferably in an antipar@isheet

* Corresponding author. E-mail: biesalski@imtek.de. fashion?®> Because of the peptide configuration, all side-chain
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functional groups are decorating the outer surface, therebyaccording to protocols in the literati#®NIPAM monomer (Sigma)

forming a defined hollow core and allowing simple access for
modification of the interfacial chemistry. Similar to the dentritic
dipeptides of Percetgyclic p-/L-peptides are capable of in-
situ self-assembling into lipid bilayers, thereby forming an
artificial ion channel with transmembrane activities for sodium
and potassium close to the natural gramicidin A chafhel.

was recrystallized from hexane and stored-&0 °C until used.
Synthesis of Model Initiator: 2-Bromo-N-butyl-2-methyl-
propanamide. The model initiator 2-bromdN-butyl-2-methyl-
propanamide was synthesized by an amidation reaction of butyl-
amine witha-bromoisobutyl bromide. Pyridine (10.6 g, 0.134 mol)
and butylamine (11.0 g, 0.160 mol) were dissolved in 20 mL of
dichloromethane, and the solution was added dropwise to a solution

Although interesting design strategies for the synthesis of of ¢-bromoisobutyl bromide (31.0 g, 0.134 mol) in 50 mL of

artificial nanotubes and nanochannels exist, still various chal-

lenges to the design of discrete nanoobjects remain &jfeor.

dichloromethane at 8C. The reaction was allowed to warm to
room temperature and stirred for 6 h. The solution was concentrated

example, the stability of such nanotubes both in solution and by removing about 80% of the solvent and extracted three times

in the solid state is an important issue. In addition, the control

with 100 mL d 2 N HCI and water. After removal of the solvent

over the length of such nanochannels has not been achievednd drying in a vacuum, a yellow oil was received in 90% yield.

yet without the use of an external constraint, such as for example
the use of a lipid bilayer that modulates the in-situ self-assembly

of the respective building blocks. Moreover, for potential use

of these interesting peptide-based materials in different applica-

IH NMR (CDCl, 6 in ppm): 3.20 (m, 2H~CH,—NH), 1.90
(s, 6H,—CHjz), 1.50 (m, 2H,—CH,), 1.37 (m, 2H,—CH,), 0.92 (s,
3H, —CH). 13C NMR (CDCk, 6 in ppm): 170.4 (&=0), 51.1
(C(CHa)2Br), 39.2 (CH2-NH), 34.2 (CCHa)2Br), 32.9 (CH) 18.9
(CHy), 13.5 (CHy). FTIR (cnTY): v(amide A): 3350p(amide I):

tions, it would be interesting to develop strategies that allow 1655 3 (amide I): 1531.

the dispersion of these materials without the loss over the control

of interfacial properties and to tailor the outer diameter of the
tube without changing the size of the inner open void.

Peptide Synthesis and Self-Assemblylhe peptide synthesis,
purification, and characterization were reported elsewifdrebrief,
the cyclic peptide was prepared using standard solid-phase synthesis

To address these points, we recently introduced the designpProtocols. A linear precursor peptideL{Asp(OAll)-(o-Ala-L-
concept of modifying self-assembled peptide nanotubes with a LYS(Mt))s-D-Ala-Fmoc) was synthesized on a Tentagel resin using

synthetic polymeric shef Using functional polymers, one may

think of tailoring interfacial properties in a similar manner as
the group of Ghadiri has shown for the precise modulation of
the primary sequence of the cyclic peptides. In addition,

conventional Fmoc chemistry. Cyclization was carried out on resin,
and the ATRP initiator 2-bromo-2-methylpropionic acid was
subsequently attached to the amine functions at the lysine side
chains. The cyclic peptide was cleaved off the resin and purified
as previously described.

attaching soft polymers to the surface of peptide nanotubes may  sejf-assembly of the cyclic peptides was carried out according
also allow for distinct dispersion of single peptide nanotubes. to protocols in the literatur®. In brief, the cyclic peptide was
Finally, tailoring the molecular characteristics of the attached dissolved in neat TFA in a small vial, and the vial was floated on
polymer molecules affects the overall resulting structure, in water in a closed environment. After 3 days, peptide nanotubes
particular, it influences the outer diameter, and viscoelastic were collected by centrifugation, washed neutral with water, and
properties of the surface may be tailored by interaction of the lyophilized. Characterization of the so-prepared peptide initiator

polymers with appropriate solvents.
We reported the synthesis of a cyatidL-peptide that carries

(CP-ini) nanotubes with respect to internal structure and morphology
was reported elsewhef@.
Surface-Initiated Polymerizations. Surface-initiated ATRP

functional groups in distinct side chains, which can be used t0 (gactions were carried out in 2-propanol using CP-ini nanotubes

initiate an atomic transfer polymerization (ATRP). The so-
prepared cyclic peptide initiators (CP-ini) self-assemble into

and added sacrificial initiator. Oxygen traces were removed from
2-propanol solution by repeated freezbaw cycles under reduced

peptide nanotubes, with all initiation sites exposed at the outer pressure prior to the reactions. NIPAM monomer (4.4 g, 39 mmol)

surface and leaving a inner hollow core, and the internal
structure resembles that of an extengieshee€® In addition,
we introduced a first concept of wrapping these CP-ini nano-
tubes in a covalently bound soft polymeric shell by in-situ
surface-induced ATRP df¥-isopropylacrylamide (NIPAM) in
aqueous dispersion.

In this paper, we investigate the surface-initiated ATRP of
NIPAM in 2-propanol dispersion, with emphasis on studying
the polymerization kinetics and investigating the impact of

was dissolved in an oxygen-free solution of 2-propanol (40 mL)
containing the dispersed CP-ini nanotubes (20 mg, 0.018 mmol)
and the model-initiator (62 mg, 0.30 mmol) under an inert-gas
atmosphere. The mixture was stirred for 10 min while constantly
bubbling nitrogen through the solution. To allow the buildup of
the complex between the metal and its ligand, an oxygen-free
solution of 2-propanol (10 mL) containing CuBr (30 mg, 0.21
mmol), CuBg (10 mg, 0.04 mmol), and M&@REN (170 mg, 0.75
mmol) was prepared separately. This solution was then added to
the reaction mixture containing peptide-tethered, and free initiator,

molecular characteristics, such as the amount of grafted polymer,as well as NIPAM monomer. The latter point was defined as the
on the structural characteristics of the resulting PPNT. Using onset of the polymerization at room temperature, t.e=,0 min.

atomic force microscopy (AFM), the thickness (i.e., diameter)

and the length of these hybrid nanoobjects are investigated unde

dry (solvent-free) conditions.

Experimental Section

Materials and Peptide SynthesisAll solvents and reagents were

Aliquots (10 mL) were taken from the polymerization reaction

@At regular time intervals. The reaction was stopped by dilution of

the aliquots with Cli dissolved in isPrOH to displace the equilib-
rium between inactive and active species toward the dormant
species. The dispersed peptigelymer nanotubes were collected
by centrifugation, washed repeatedly with 2-propanol, and finally
dried in a vacuum. For further analysis, the PPNTs were redispersed

purchased from Sigma and used as received (p.a. grade or higher)in 2-propanol at a concentration of 1 mg/mL.

if not otherwise stated. DMF was refluxed over ninhydrin to remove
any traces of amines and distilled prior to use. 9-Fluorenylmethyl-

oxycarbonyl (Fmoc) protected amino acids, coupling reagents (1-

hydroxybenzotriazole (HOBT), 2-H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU), and (dimethyl-
amino)pyridine (DMAP)), and Wang-Tentagel resin (load: 0.22
mmol/g, Iris Biotech) were used as received. Tris[2-(dimethyl-
amino)ethyllamine (MgTREN) was synthesized and purified

The supernatant containing free PNIPAM polymer, NIPAM
monomer, and the reaction catalyst was passed through a silica gel
column to remove the catalyst. Then the solution containing the
free PNIPAM and the NIPAM monomer was divided into two vials.
One vial was directly used for molar mass analysis of the free
polymer by gel permeation chromatography (GPC). The other vial
was transferred to a round-bottom flask, and the NIPAM monomer

and isPrOH were distilled off (68C at 5x 103 mbar) overnight.CDV
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Scheme 1. Schematic Description of the Initiator-Modified Cyclico-/L-Peptide (Left), Self-Assembly of the Peptide into Peptide
Nanotubes That Expose the Initiation Moieties at the Outer Surface (Middle), and Surface-Initiated Atom Transfer Polymerization
(ATRP) Reaction That Wraps the Peptide Nanotube in Situ in a Soft Polymeric Shell, Thereby Forming a So-Called Peptied>olymer
Nanotube (PPNT, Right)

ATRP, NIPAM
isopropanol, 20°C

€H, NH CH, t

o7 oo self-assembly g ARAA:
t/\/‘ml‘u‘# % :105?‘\ "

o NH Br X
NH (=]

f cydlic D+/L-

w  peptide-
O{ra' initiator peptide nanotube

peptide-polymer hybrid nanotube (PPNT)

Scheme 2. Schematic Description of the Chemical Structure of
the Model Initiator, Which Was Designed in Order To Mimic
the Initiator-Modified Lysine Side Chains of the Cyclic Peptide

The monomer conversion was determined by gravimetric analysis
of the dried polymer.

The number-average molar mass and the polydispersity £PDI Initiator (CP-ini) Nanotube
Mw/M;) were determined by GPC on a Hewlett-Packard Agilent o
1100 series using a refractive index detectof at 20 °C. Three
columns (PSS GRAM gel, #0 1, 30 A; Polymer Standard PV Br
Service) in series were used. THF containing 0.1% (v/v) toluene H

was used as mobile phase (flow rate: 1 mL/min), and the system
was calibrated with narrow-disperse poly(methyl methacrylate)
(PMMA) standards. twofold in our investigations. First, the increase in overall

Characterization of PNIPAM —Peptide-Polymer Nanotubes  concentration of initiation sites in solution is known to suppress
(PNIPAM —PPNT). Characterization of the structure of dried early termination reactions at surface-bound growing polymer
PNIPAM—PPNT was carried out by AFM, using a controller from . 4ing33 Second, the PNIPAM polymer formed free in solution
Digital Instrument series Nanoscope llla. Samples were preparedCan be conveniently separated from the dispersed peptide
on silicon wafers by drop casting of dispersed nanotubes (1 mg/ X : . )

polymer nanotubes by simple centrifugation/washing steps, and

mL), and the samples were dried in a vacuum prior to the ' i L
measurements. it can be further analyzed with respect to molar mass. This is

FTIR spectra were measured on a BioRad Excalibur series FTSIN Particular important because it is not trivial to directly

both-sides polished silicon wafer and dried in a stream of nitrogen peptide-linked macromolecules. Using a sacrificial initiator, it

prior to the measurements. was shown that the molar mass of polymers obtained free in
) ) solution yield similar masses as compared to surface grafted
Results and Discussion macromoleculed* Thus, in good approximation, surface-

In a recent work, Steer and co-workers showed that ATRP confined ATRP kinetics are similar to the kinetics of the same
of NIPAM in different alcohols, including 2-propanol, can be reaction in solution, provided that the chemistries of the initiation
carried out with sufficient control over reaction conversion and Sites, monomer, solvent, and polymerization additives are the
molar mas$L As the CP-ini nanotubes are stable in 2-propanol, Same as well as viscosities are not too high. Hence, one can
we applied the same conditions onto the surface-initiated ATRP obtain molecular characteristics of the surface (i.e., peptide)-
of NIPAM from self-assembled peptide nanotubes (Scheme 1). attached PNIPAM by analysis of the free polymer formed in
Polymerizations were carried out by dispersing the CP-ini solution.
nanotubes in 2-propanol and adding free “sacrificial initiator”. ~ Figure 1a shows the reaction conversion calculated from
To this, a mixture of the free initiator and CP-ini nanotubes gravimetric analysis of the free PNIPAM polymer as a function
was added to a So|ution Of monomer, 2_propano|’ and appropri_ Of t|me The ConVerSion inCI‘easeS W|th time, and |t can be seen
ate polymerization additives (MEREN, CuBr, and CuBj), and that it levels off at about 35%. If the number of active sites is
polymerizations were carried out at room temperature. We constant over time, the reaction kinetics in ATRP are expected
targeted a degree of polymerization Mf= 90. NIPAM was to follow a first-order behavior (eq £J.
used as the monomer because it yields peptm#ymer
nanotubes, where the covalently attached macromolecules are M = exp [~RTY) )
nontoxic and do possess interesting physical properties, such M pQ<p
as, for example, a lower critical solution temperature (LCST).

Aliquots of the polymerization feed were taken at regular Here [M] and [Mg] are the monomer concentrations at titne
intervals, and the polymerization was stopped by dilution with and timet = 0, respectively, andR’] is the concentration of
excess solvent, followed by the addition of Curee polymer active sites. Plotting In[M)/[M {] against the polymerization time
was separated from peptide-bound polymer by repeated washt should therefore yield a linear dependency of the data, with
and centrifugation cycles. The free polymer is collected, dried, kap,= ky[~R] (apparent propagation constant) being the slope
and analyzed with respect to total weight for conversion analysis. of the curve. Figure 1b depicts the first-order kinetic plot of

The sacrificial initiator, used in the present experiments, was the reaction. The data are not linear in time but exhibit a slight
especially designed to mimic the lysine side-chain modified downward curved behavior, corresponding to a decrease in the
initiator of the CP-ini. The chemical structure of this model- polymerization rate. This decrease is indicative of a loss in active
initiator is shown in Scheme 2. The sacrificial initiator served sites and/or an increase of deactivator concentration acco&igkg
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0.5 Figure 2. (a) Gel permeation chromatography (GPC) elution traces
of linear poly(N-isopropylacrylamide) (PNIPAM) obtained from
é polymerization ofN-isopropylacrylamide (NIPAM) in 2-propanol using
0.4 e the added sacrificial initiator. (b) Number-average molar ma4g (
and polydispersity (PDE Mw/M;) of the linear PNIPAM as a function
—~ 03 e of reaction conversion calculated from the GPC measurements using
s ) . poly(methyl methacrylate) (PMMA) standards.
S o2 . An almost linear dependency up 5 h polymerization time
£ is observed, if In[M]/[M] is plotted vst?3 (Figure 1c). For
0.1 longer polymerization times, the kinetics still show a slight
L downward bending with?’s. This can be attributed to a loss in
0.0 . ‘ . . . . reactive sites, which among other reactions can be due to
0 0 20 30 40 50 60 intramolecular nucleophilic substitution reactions at the reactive
polymerization time”* / minutes end3® The latter, again, resembles a termination step within the

Figure 1. (a) Reaction conversion as a function of polymerization time ATRP kinetics. ) )
calculated from monomer consumption, which was measured by The free polymer was further characterized with respect to

gravimetric analysis the free polymer formed during polymerization molar mass and molar mass distribution using GPC measure-
of N-isopropylacrylamide (NIPAM) in 2-propanol using the sacrificial  ments with THE as the eluent. Figure 2a shows GPC elution

model initiator. Details for the polymerization can be found in the text. . o . . .
(b) Monomer consumption In((B[M]) of the same reaction as a  races for different polymerization times denoted in the figure.

function of polymerization time. (c) Monomer consumption In([p¥ With increasing polymerization time the elution curves shift to
[M{) of the same reaction as a function 8f. (The dotted line is a lower retention times, indicating an increase in the apparent
guide to the eye.) molar mass of the respective polymers.

to the persistent radical effe®.The latter describes how The number-average molar madd,) of the free polymer

termination by radical recombination leads to an increase of and the polydispersity (PDE M,/M,, with M,, being the
deactivator concentration, which shifts the equilibrium be- weight-average molar mass of the polymer) are shown in Figure
tween the active and the inactivated species toward the dorman2b as a function of reaction conversion. In addition, the
(i.e., inactive) species. As a result, the monomer consumption theoretically expected molar mass can be calculated according
should yield a linear dependency of In(f¥MM]) againstt3 to eq 3%

(eq 2)*
Ml
w = exigkp(%) t2/3) (2) Mn = I\“vlmon = [| 0] pMmon (3)
My 2P\ 3K
Here, k; is the rate constant of bimolecular terminatiole js Here,N is the degree of polymerizatioN|monis the molar mass

the initial concentration of the radical precursor (i.e., initiation per repeat unitp is the reaction conversion, and gMand [lo]
sites), andK is the equilibrium constant of activation and are the initial concentrations of monomer and initiator in the
deactivation of the latter, respectivefy. polymerization feed, respectively. CDV
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In addition, the spectra of the nonmodified CP-ini nanotube
(black line) and linear PNIPAM (red line) are superimposed to
the data. With the CP-ini nanotube distinct peaks at 1458'cm
(bending deformation:-~-C—H), 1539 cnt! (amide II), 1626
cm! (amide 1), 1684 cm! (amide 1), and 1713 cni (C=0,
carboxylic acid) are observed that can be attributed to vibrational
modes of the peptide nanotube. In particular, the peaks at 1626
and 1684 cm! are indicative to the interngi-sheet assembly

of the nanotubé&’ PNIPAM (red) exhibits peaks at 1366 cfn
(—CHzg), 1388 cmt (—CHg), 1458 cmit (C—H), 1556 cnt
(amide 1), and 1651 cmt (amide I). The peaks at 1366 and
1388 cnt! correspond to vibrational modes of the two methyl
groups in the PNIPAM side chain. The peak at 1458 &m
corresponds to the bending deformation of the backboGeél

1388 cm’” Lema=mas ) groups. The peaks at 1539 ci(—N—H deformation in the
side-chain amide group) and 1651 th{amide 1) correspond

to the amide groups in the PNIPAM side chain and indicate a
random structure of the latter.

SRR The detailed spectra of the PNIPAMPPNT (green lines)

% resemble a superposition of the respective bulk spectra, showing
all peaks discussed before. This can be taken as a direct proof
of the chemical identity of the hybrid material. With increasing
polymerization time, in principle, one would expect an increase

= CP-ini nanctubes
free PNIPAM
= PNIPAM-PPNT

transmittance

Wwe:‘::tm::: of the PNIPAM signals relative to the CP nanotube signals.
; e 500 minutes The PNIPAM-PPNT exhibit a rather complex spectrum in the
- 420 minutes amide | and amide Il region; therefore, it is not trivial to analyze
—_— the spectra in a very quantitative way. We normalized the spectra
1400 1500 1600 1700 1800 with respect to the same peak intensity of the amide | (1626
A cm™1) peak of the peptide. Qualitatively, the integral intensities
wavenumber/cm of the peaks at 1366 and 1388 th which correspond to

Figure 3. FTIR transmission detail spectra of CP-ini nanotubes (black Vibrational modes of the two methyl groups in the PNIPAM
line), PNIPAM (red line), and PNIPAMPPNTS (green lines) obtained  side chain, increase with increasing polymerization time.
at different polymerization times (denoted in the figure). Samples were However, also the peak at 1556 chincreases at the same

prepared by drop-casting a 2-propanol dispersion/solution onto both- .. o . : .
sides polished silicon waters, drying of the films, and measuring the time. Quantitative information about the increase in the amount

transmittance in transmission against a nonmodified silicon wafer as Of_ grafted polymer with increa_sing polymerization time can be
background. The preparation of the PNIPAMRPNT is described in withdrawn from further analysis of the dry PPNT structure, i.e.,

detail in the text. the dry nanotube diameter.
To study the structure and morphology of the prepared PPNT,

Figure 2b shows a linear increase of the molar mass of the We used atomic force microscopy (AFM) in tapping mode.
free PNIPAM as a function of reaction conversion. This is PNIPAM—PPNT's were adsorbed by drop-casting from dilute
indicative to the controlled “living” nature of the reaction. In  2-propanol dispersion onto a silicon wafer followed by drying
addition, the experimentally derived molar mass is similar to Of the samples in a vacuum. The AFM was shown to be a
the expected molar mass calculated from eq 3 (Superimposed)owerful method providing valuable and accurate information
to the data as solid line). The latter finding suggests that there @bout the shape, size, and molar mass of polymer colloids
are no termination reactions present, a finding that contrastsadsorbed to solid surfac&in particular, single macromolecules
the above measured kinetics, however. A possible reason forof complex architecture such as cylindrical brushes, dendrimers,
this could be an overestimation of the molar mass of the and worm-, star-, and rodlike objects were analyzed with respect
PNIPAM by GPC analysis due to self-aggregation and/or the t0 the .height and length distribution with sub-nanometer
use of a nonappropriate standard in the GPC analytics. An precissior?®
overestimation of the molar mass would apply for all samples, Figure 4a shows an AFM height image of CP-ini nanotubes
and the linear increase of the mass with polymerization time (left) as well as AFM height (middle) and phase (right)
still holds, indicating good reproducibility of the experiment. micrographs of PNIPAM-PPNT'’s adsorbed to a silicon wafer.
The polydispersity shows a slight increase from 1.2 at 15% The CP-ini nanotubes tend to aggregate on the surface in
conversion to 1.4 at about 35% conversion. This can be 2-dimensional fiberlike structures, whereas after polymerization
attributed to termination reactions as well as other side reactions.single dispersed nanotubes were visible at the surface. We
The polydispersities are all well below typical values obtained recently reported cross-sectional analysis of the CP-ini nano-
through conventional radical polymerizatiofis. tubes, showing that the fibers originate from sweeping rodlike

To analyze the chemical identity, PNIPAMPPNT were objects together on the surface by capillary forces rather than
characterized using FTIR. To this, a solution containing the fibers formed in solutiof?
dispersed PPNT was drop-casted onto a silicon wafer, dried, Figure 4b depicts AFM height (left) and phase (right)
and measured in transmission against a nonmodified silicon micrographs of a PNIPAMPPNT single nanotube. The PPNT
wafer as the background. Figure 3 shows FTIR detail spectraresembles the structure of a rigid rodlike nanoobject. In Figure
(green lines) of three examples of PNIPANPPNT obtained 4c, the cross-section analysis of the same PPNT (blue line) is
at three different polymerization times (denoted in the figure). shown together with a cross-section analysis of a CFEZB\/
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20 40 60 80 100 120

Figure 4. (a) Atomic force microscopy (AFM) height image (left, lateral scalein®, z-scale: 0-5 nm) of CP-ini nanotubes adsorbed on a silicon

wafer and AFM height image (middle, lateral scaleum; z-scale: 6-15 nm) and phase micrograph (right, lateral scale:n® of PNIPAM—

PPNTs adsorbed to a silicon wafer from 2-propanol dispersion (polymerization time in this sample: 60 min). (b) AFM height micrograph (left,
lateral scale: 0.5um; z-scale: 6-10 nm) and phase micrograph (right, lateral scale: (0rf of a dried PNIPAM-PPNT single nanotube. (c)
Cross-section analysis of the same PPNT as shown in (b) (blue line). Superimposed to this cross section are further cross sections of a CP-ini
nanotube (no polymer shell, i.e., polymerization time: O min, orange line) and cross sections of single PPNT’s after 60 min (red line) and 300 min
polymerization time (green line).

nanotube (i.e., no polymer attached, orange line) and a With increasing polymerization time, the mean average value
PNIPAM—PPNT obtained after 60 min (red) and 300 min of the height increases to about 350.3 nm after 420 min
(green) polymerization time, respectively. After polymeriza- polymerization time.
tion, a thin polymer film covers the respective peptide nanotube  The cross section of the PPNT along the short axis resembles
core in a very homogeneous manner and with very low that of either a cylinder or an ellipse, as schematically outlined
roughness along the tube’s surface (long axis). Even smallin Scheme 3. The latter strongly depends on the interaction of
changes in the absolute (dry) height of a few angstroms can bethe grafted polymer chains with the underlying surface as well
easily visualized by AFM. Hence, by statistical analysis of the as on the length of the chains. For long and adsorbing chains,
cross sections of single PPNT’s, one is capable of calculating an ellipse-like structure may be expected, whereas nonadsorbing
mean average values for the structural characteristics in dry(and/or short) chains presumably render the structure cylinder-
conditions. like. The AFM tip itself can cause a deformation of soft
An ensemble of 200 PPNT’s was characterized using AFM nanoobjects during visualization. This source of flattening cannot
cross-section analysis of surface-adsorbed, dry PPNT’s with inherently be eliminated but can be controlled by applying
respect to their height and length. Figure 5a shows examplesidentical force between the AFM tip and the substrate during
of height distributions at different polymerization times (given imaging of all samples of comparison.
in the figure). The distribution of the CP-ini nanotubes carrying  Because we grafted rather short chains onto the CP-ini
no polymer (i.e., at polymerization time= 0 min) is very nanotube core, in good approximation, we can treat the PPNT
narrow, and the mean average height is aboutd .1 nm?28 to be cylinder-like in structure. The overall volume of the PPEBV
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Figure 5. (a) Relative abundance of the dry height of CP-ini nanotube and PNHFPRRNT determined by statistical cross-section analysis.
Gaussian fits to the distributions are shown as solid lines. Different polymerization times are given in the figure. (b) Drly ticiigatPNIPAM-

PPNT as a function of polymerization time. (c) Dry heiginf the PNIPAM-PPNT's as a function of the number-average molar mass of the free
polymer, obtained from using sacrificial initiator during surface-induced polymerizations. The solid line represents a linear function glitthe hei
vs molar massNl,) having a constant slope ofi = 0.5.

Scheme 3. Schematic Description of Possible Geometrical polymerization time, the height should increase Wih°>.
Structures of Dried Peptide—Polymer Nanotubes Adsorbed to a Figure 5¢c shows the height of the PPNT as a function of the
. Solid Surface molar mass of the free polymer. The solid line represents a linear
cylinder ellipse function of the height with the polymerization time having a

constant slope of 0.5. Thus, it represents an increase of the height
of an equivalent cylinder with its mass, provided that the length
of the cylinder stays constant. The experimental data can be
polymer sufficiently described by the theoretical increase of the height
of this equivalent cylinder. This indicates that, by adjusting the
molar mass of the attached polymer chains, one can reproducibly
aDepending of the length of the polymer arms as well as on the control the .dry height of the peptidgpolymer nanotubes, i.e.,
polymer—surface interactions, either a cylinder-like morphology can the outer diameter of the PPNT.
be anticipated, where the chains are collapsed onto the peptide Besides the molar mass, it is the grafting density, i.e., the
nanotubes core, or a more ellipse-like morphology is expected, where n,mper of polymer chains attached to each peptide nanotube,
individual chains are adsorbing in a flat conformation. that influences the overall polymer amount and therefore the
solvent-free height. Assuming that the polymerization kinetics
is then given by the volume of the internal peptide nanotube at the surface of the dispersed peptide nanotubes is similar to
and the polymer volumeNVppnt = Vep-ini + Venipaw: The the kinetics in solution, the average molar mass obtained from
volume of the grafted PNIPAM is given by the molar mass free (sacrificial) initiator is similar to the molar mass of the
and the number of the attached polymer chains as well as thepeptide-attached macromolecules. Again, using the cylinder
density of the polymer. Assuming a cylindrical geometry, the model to describe the dry structure of the PPNT, one can
solvent free height of the PPNT cylinder can be theroetically calculate the theoretical volume and thus the theoretical height
calculated according to eq 4. hi, of an equivalent cylinder (eq 5).

peptide

M n 4
| = hep i + cONst/M,, iy = Nepin
Penipam T ppNT

M,n
h 2 _ Pep_in + CcONSt/ny,

Penipam TlppnT

NopnT = Nepoini T

4) ®)
Here,hcp-ini is the height of the CP-ini nanotublaspnris the Hereny, is the number of grafted chains per peptig®lymer
solvent-free heightppntis the length of the peptidepolymer nanotube (i.enn = 3 at 100% initiator efficiency). Comparing
nanotuben is the number of grafted chains per length, and the height at quantitative conversiomyj with the experimen-

the density of the polymer. Assuming that the number of grafted tally measured height of the dry PPNT, one can calculate the
chains and the length of the PPNT do not change with increasingrelative amount of grafted chains, corresponding to an app?{BQ}
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Figure 6. Apparent initiation efficiencyf of the peptide nanotube-
bound initiators as a function of polymerization time. The efficiency
was calculated according to eqs 5 and 6.

initiation efficiencyf of the peptide-attached initiators (eq 6).

2
Mepnt — Miy

=f
i,

(6)

NepnT

Figure 6 shows the apparent initiation efficientycalculated
from eqgs 5 and 6 as a function of the polymerization time. With
increasing polymerization time, the number of grafted polymer
chains does not significantly vary; thus, it stays constant at about
15%. From a first point of view this number sounds rather small.
However, there are possible reasons for this. First, taking into
account the high grafting density of the initiation sites on the
surface of the peptide nanotube, one may expect a sterical
hindrance of the interaction of the coppéigand complex with
individual initiation sites at a time. The typical rirging
distance is about 0.5 nf,and as every ring carries three
initiation sites, the average distance of initiator functions on

the surface of the nanotube can be estimated to be about 1 nm.

This kinetic limitation becomes even more prominent, once a
single growing chain at the surface possibly covers neighboring
“inactive” sites. Another possible source for a low graft density
may be early termination reactions with the amide-functional
initiation sites. A third reason may originate from possible
overestimation of the molar mass of the linear PNIPAM by GPC
analysis. In this case, the theoretical height will be over-
estimated, too; thus, eqs 5 and 6 yield lower values for the
apparent initiation efficiency.

Besides the height (i.e., outer diameter), there is the length
of artificial nanotubes that is of interest for prospective
applications of these novel hybrid materials. With increasing
polymerization time, the length distributions, analyzed by AFM,
do not change significantly (Figure 7a). Only one-dimensional
objects with lengths well above 50 nm were accessed for length

Surface-Initiated ATRP oN-Isopropylacrylamide 7265
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Figure 7. (a) Relative abundance of the length of dry PNIPARPNT
calculated from statistical cross-section analysis of atomic force
microscopy (AFM) height images. Different polymerization times are
denoted in the figure. (b) Number-average lendthas well as
polydispersity (PDE Lu/Ly) of the PNIPAM=PPNT as a function of
polymerization time. Both parameters were calculated using eqs 7 and
8.

Accordingly, the polydispersity (PDI) is defined as PBI
Lw/L,. Figure 7b shows the number-average length of the PPNT
together with the corresponding PDI’'s as a function of the

analysis. Smaller objects increasingly present at the surface atpolymerization time. The length stays more or less constant with

higher polymerization times were not taken into account but

increasing polymerization time around 120 nm, and the PDI is

analyzed separately (see below). The distributions shown herein all cases about 1.2. We recently showed that the length of

were analyzed with respect to the number-averdgg ¢nd
weight-averagel(,) length. Both parameters are defined by eqs
7 and 8:

niL;

L,= ZT. (7)
nL?

L, = | E 8)

the CP-ini nanotubes (i.e., no polymer attached) is not trivial
to analyze with respect to length distribution due to the fact
that these nanotubes tend to form larger nonspecific aggre§ates.
The shortest lengths reported with CP-ini nanotube objects are
about 106-500 nm?8

Besides an increase in height and an almost constant length
of the PPNT, an interesting observation was made with
increasing polymerization time. First the absolute concentration
of PPNT decreases, and second, smaller objects of uniform size
appear. The latter becomes very prominent at polymerization
times on or above 5 h. CDV
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Figure 8. (a) Atomic force microscopy (AFM) height images (lateral scaleun, z-scale: 6-10 nm) of dry PNIPAM-PPNT adsorbed to a
silicon wafer. Different polymerization times are given as insets in the images. (b) AFM phase image (left, lateral geajezddm-in (middle,
lateral scale: 0.Zm), and AFM height micrograph (right, lateral scale: @i, z-scale: 0-10 nm) of dry PNIPAM-PPNT adsorbed to a silicon
wafer. (c) Cross-section analysis along the three artificial lines superimposed to the AFM height image shown in (b).

Figure 8a shows examples of AFM height micrographs of cross-section analysis along the three differently colored artificial
adsorbed PNIPAM-PPNT's obtained at three different polym- lines drawn into the height image was performed. Figure 8b
erization times (denoted in the figure). In all cases individual shows the cross sections (same colors used as in height image).
PPNT’s can be visualized and analyzed with respect to height The height of the smaller objects is in this sample similar to
and length. The number of visualized PPNT's is decreasing with the height of the single PPNT. We analyzed more samples in
increasing polymerization time. Abes h of polymerization order to compare the dry heights of the smaller objects with
time small uniform particles are increasingly present at the that of the PPNT. Figure 9 shows the dry particle height (open
surface. Note that all PNIPAMPPNT's have been drop-casted symbols) as well as the dry hybrid nanotube height (closed
in these experiments at identical concentrations. symbols) as a function of polymerization time. At 60 min

Figure 8b shows two AFM phase micrograph and one AFM polymerization time, only intact PPNTs can be detected. Already
height micrograph (polymerization time: 420 min). In the large- at 120 min of polymerization time, we observe the appearance
scale phase image (left), a large number of small particles areof few small particles that were analyzed by AFM cross sections.
visible next to an intact single PPNT. As is evident from a zoom- The number of particles increases with increasing polymerization
in region of the phase image (middle), these particles possess dime, and abog 5 h polymerization time there are only few
core—shell type morphology, indicated by the black halo intact PPNT left, whereas AFM height images show a large
surrounding the brighter core. This morphology is similar to number of particles. The dry height of the smaller objects is in
the one observed with the peptidpolymer nanotube itself. A all samples the same as the height of the PPNT (Figure 9).8’5’\57
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6 The length of the PPNT remains constant with increasing
polymerization time; however, at larger polymerization time, a
decrease in concentration of the PPNT is observed, and smaller
particles are increasingly present. Because of similarities in
height and morphology of the particles and the PPNT, the latter
T finding can be attributed to a breakup of the PPNT into smaller
(uniform) nanoobjects. Possible reasons for this may be repulsive
forces exerted between the surface-attached polymer chains that
eventually overcome the forces that hold individual peptide rings
together. Work to test this hypotheses and to explore the extent
to which one can make use of this phenomenon to precisely
“cut”, i.e., downsize, the PPNTSs into well-defined small PPNT
objects is currently being investigated in the supramolecular
synthesis of well-defined hybrid nanotubes.

® peptide hybrid nanotubes (L >> 50 nm)
hybrid particles (L <= 50 nm)
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