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ABSTRACT

Protoporphyrin IX Zn(ll) has been demonstrated to form metalloporphyrin coatings on peptide nanotubes via hydrogen bonds and produce
metalloporphyrin nanotubes. This diacid metalloporphyrin was stabilized on the peptide nanotube surfaces with two types of hydrogen bonds,
intermolecular hydrogen bond between the carboxylic acid of metalloporphyrins and the amide of peptide nanotube and intermolecular hydrogen
bond between the carboxylic acids of neighboring metalloporphyrins. Since previous study indicates that the peptide nanotubes can potentially
be assembled as arrays, the applications of metalloporphyrin nanotubes to nanoscale chemical sensors or photonics may be possible.

Introduction monolayers (SAMs) on surfac&s?° For example, porphyrin

Nanoscale nanotube arrays have been fabricated and pro-SA’vIS were immobilized on membrane-coated PVC films

. . - “for a flow-through chemiluminescence sen%bor.
posed to apply to the next generation of magnetic recording . . . . .
medial? photovoltaic solar cell$;® field emissiorf~2 and While the SAM approach is two-dimensional in geometry,

chemical sensofstt since the array configurations produce 2 three-dimensional approach such as array assemblies will
very large surface-to-volume ratio with the high nanotube- increase surface areas, which will also increase sensitivity
packing density. In the fields of chemical sensors and for sensor devices. If porphyrins can be assempled in high-
photonics, porphyrin has been extensively studied becausedens'ty arrays, those structures may be applied to ultra

porphyrins are highly efficient in electron and energy ?ebngtl\:_e chefmlcalll sTnsorslor phﬁto_nlc devmﬁs. Vgh"e
transfersi?-14 Porphyrins have also been demonstrated as abrications of molecular scale porpnhyrin arrays have been

excellent catalysts for oxidatiod3® The difficulty is the very ac_tivez’zigo our interes_t s to pro_d uce nanotube-based
immobilization of porphyrins on surfaces with the large three-dimensional porphyrin arrays in large surface areas.

surface areas. One approach for porphyrin sensor fabrication ' this study, metalloporphyrin nanotubes were fabricated

is the immobilization of porphyrins via the self-assembled PY USing peptide nanotubes as templates. The peptide
nanotubes were self-assembled fromNisftamido-glycylg-
*To whom correspondence should be addressed. E-mail: hiroshi. lycine)-1,7-heptane dicarboxylate (Figure 1), a peptide
m%iﬂ?gﬁ;tgﬁf\f;ﬁfﬁgf New York. molecule that forms crystalline tubular structures in a
* University of Central Florida. diameter range of 20 nm to Am in a pH 6 solutiorf132
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Figure 1. Chemical structure of the peptide molecule in order to
assemble peptide nanotubes.
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Figure 3. Light micrographs of (a) the neat peptide nanotube (b)

o the metalloporphyrin-coated peptide nanotube.
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Figure 2. Chemical structure of diacid metalloporphyrin, proto- tions of the metalloporphyrin array assemblies and the
porphyrin IX Zn(ll). sensing performances are underway.

The peptide nanotubes were used as templates for two
reasons. First, using their free amide grotipte peptide
nanotubes can intercalate various molecules such as carThe method to synthesize the peptide nanotubes has been
boxylic acid-capped quantum détsand protein¥' via reported previousl§! To ensure a high degree of purity, the
hydrogen bonds. Since protoporphyrin IX Zn(Il) possesses nanotubes were rinsed five times with deionized water using
two carboxylic acid groups (Figure 2), this metalloporphyrin a centrifuge. Meanwhile, protoporphyrin IX Zn(ll) (Aldrich

is expected to coat the peptide nanotubes via hydrogen bondsChemical Co., Figure 2) was dissolved in a solvent of ethanol
Second, the template peptide nanotubes showed potential tand DMF (4:1 V/V). Then, 20@L of the peptide nanotube
form arrays on carboxylic acid SAM/Au surfac®slf solution, containing 2x 104 M of the peptide monomer,
metalloporphyrins can coat the peptide nanotubes to formwas loaded into 20@L of the 2 x 10* M Zn metallopor-
metalloporphyrin nanotubes, these nanotubes may be ablgohyrin solution to produce metalloporphyrin monolayers on
to assemble array structures on surfaces for future sensothe nanotubes. This solution was allowed to stand for 72 h
applications. at room temperature for the metalloporphyrin immobilization

In this report, we examined protoporphyrin IX Zn(ll) to N the peptide nanotubes. _ _
coat the peptide nanotubes. The coated metalloporphyrin N Preparation for FTIR microscopic analysis, the Zn
nanotubes were also studied by FTIR microscopy to ana|yzemetalloporphyrm—coated nanotubes were centrifuged until
the binding conformations between metalloporphyrins and 299regates were formed. After excess solvent was removed,
peptide nanotubes. Previously, porphyrins have been im-tNe aggregates were allowed to dry in air for 24 h on a
mobilized on molecular siev&s” or aggregated to form diamond anvil microcell for FTIR microscopy.
tubular structures with surfactarifsRecently, Ni nanotubes
were coated by a luminescent porphyrin as a marker to probe
dynamics of Ni nanotubes in magnetic fiefsTo our

knowledge, this study is the first example to fabricate A light micrograph of the neat peptide nanotube shows that
metalloporphyrin nanotubes using peptide nanotubes asthe nanotube was dark (Figure 3a). However, when the
templates. This outcome may also be applied to fabricate peptide nanotube was mixed with the metalloporphyrin
nanoscale devices using metalloporphyifligand interac-  solution, the nanotube appeared brighter (Figure 3b). This
tions (i.e., site-specific assemblies of metalloporphyrin observation is due to the absorption of visible light with the
nanotubes on patterned ligand SAMs), while a similar metalloporphyrins and indicates that the metalloporphyrins
assembly method was recently demonstrated for electronicwere adsorbed on the peptide nanotube surfaces. The
applications using proteinprotein interaction4 Investiga- distribution of metalloporphyrins was uniform on the peptide

Experimental Section

Results and Discussion
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To probe binding conformations between metalloporphy-
rins and peptide nanotubes, vibrations of the metallopor-
phyrins on the peptide nanotubes were characterized using
an FTIR microscope. A Raman microscope was also applied
to study the metalloporphyrin-coated peptide nanotubes, but
the signal-to-noise ratios of the Raman spectra were too low
to characterize their vibrational modes due to their low
Raman cross sections. The FTIR spectra of metalloporphyrin-
coated nanotubes, neat metalloporphyrin and neat peptide
nanotubes are shown in Figure 5. Most of the peaks in the
neat metalloporphyrin spectrum (Figure 5b) appear in the
metalloporphyrin-coated nanotube spectrum (Figure 5a),
whereas some major peaks in the neat peptide nanotube
spectrum (Figure 5c¢) were absent in the metalloporphyrin-
Figure 4. A scanning electron micrograph (SEM) of the metal- coated nanotube spectrum. For example, peaks at 1107 and
loporphyrin-coated peptide nanotube. 1265 cnttin the neat peptide nanotube spectrum were not

observed in the metalloporphyrin coated nanotube spectrum.
nanotubes in Figure 3b, and the metalloporphyrin-coated This observation indicates that most of the IR was absorbed

nanotubes became brighter when concentrations of metal-Py the metalloporphyrin coatings on the peptide nanotubes.
loporphyrins were increased. A scanning electron micrograph While it is possible that peaks from the peptide nanotubes
(SEM) of the metalloporphyrin-coated nanotube is shown may still be present in the metalloporphyrin-coated nanotube
in Figure 4. A hollow structure of the template nanotube spectrum, the signal of the peptide nanotubes has been
was preserved even after the metalloporphyrins were coatedattenuated to a level that the signal-to-noise ratio is insuf-
on the nanotube surfaces. ficient to conclusively confirm the presence of those met-
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Figure 5. FTIR microscopic spectra of (a) the metalloporphyrin-coated peptide nanotube, (b) the neat metalloporphyrin, and (c) the neat
peptide nanotube.
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alloporphyrin peaks. Comparison of the metalloporphyrin o,
spectrum (Figure 5b) and the metalloporphyrin-coated nano- "
tube spectrum (Figure 5a) reveals several peaks in common.
Peaks at 834, 932, 980, 1118, 1224, 1270, 1380, 1450, and
1624 cmt are all present in both spectra. This observation
confirms that the metalloporphyrins were adsorbed on the
peptide nanotubes.

The carboxylic acid peaks between 1700 and 1800%cm
in Figure 5 are of the highest interests because frequencies
of carbonyl (G=0) stretches of the metalloporphyrins on the
nanotubes should contain information for hydrogen bonding
conformations between the COOH of metalloporphyrins and
the peptide nanotubes. The 1704 ¢énpeak was observed
in the metalloporphyrin-coated nanotube spectrum (Figure
5a) and the neat metalloporphyrin spectrum (Figure 5b).
Therefore, the 1704 cm peak in the metalloporphyrin-
coated nanotube spectrum originated from the carbonyl
stretch of the meta.lloporphyrln’s cf';\rboxyllc af:'d grou_ps. The Figure 6. Proposed binding conformation of the metalloporphyrin-
1704 cm? peak is red-shifted in comparison with the coated peptide nanotube.
carbonyl stretch in gas-phase carboxylic acid, 1772%h
because metalloporphyrins are dimerized by forming a pair
of hydrogen bonds between the carboxylic acid groups of
each molecule in the condensed ph&sEhis spectroscopic
observation indicates that metalloporphyrins on the peptide
nanotubes form intermolecular hydrogen bonds between
carboxylic acid groups. Another carbonyl mode observed at
a 1719 cm! was assigned as a hydrogen bond between the i o ) )
carbonyl group of metalloporphyrins and the amide group coatings were maintained even after extensive washing
of peptide nanotubes. While amide frequency shifts of the Processes.
peptlde nanotubes C0u|d not be Conﬁrmed due to their Weak While we understand that determination of the metallopor-
IR absorbances, previous results indicate that the amidePhyrin orientation on the peptide nanotube surfaces is
groups are the only free functional groups in the peptide difficult since the surfaces are not flat, vibrational frequencies
nanotubes to bind carboxylic acid groups of coating materi- of metalloporphyrin ring and CHchains suggest that
als333443Therefore, it is likely that the carbonyl group of ~metalloporphyrin molecules were tilted with respect to the
meta”oporphyrins binds the amide group of peptide nano- nanotube surfaces. The CN Stretching mode of the metal-
tubes for the immobilization. Because the 1719°timblue-  loporphyrin ring at 1385 cmt decreases by 6 cmhin the
shifted in comparison with the 1704 c the hydrogen metalloporphyrin-coated nanotube spectrum, Figure 5a. This
bonds between meta”oporphyrins and pept|de nanotubesfrequency shift indicates that the metalloporphyrin molecules
seem to be weaker than the aemcid dimer hydrogen bonds Wwere tilted on the nanotube surfadésBlue shifts of the
between metalloporphyrins. These spectroscopic resultsmetalloporphyrin Chsymmetric (2860 cm') and antisym-
suggest that one of carboxylic acid groups in diacid metal- metric (2923 cm') modes on the nanotubes, 9 and 12°¢m
loporphyrins binds the peptide nanotubes and the otherupshifts compared with neat metalloporphyrin, also suggest
carboxylic acid group in diacid metalloporphyrins binds the tilting conformation of metalloporphyrin moleculés.
neighboring diacid metalloporphyrins. This hydrogen bond-  Here we demonstrated that protoporphyrin IX Zn(ll) forms
ing conformation is illustrated in Figure 6. the metalloporphyrin coatings on peptide nanotubes via

This type of porphyrin-binding conformation on surfaces hydrogen bonds and produces metalloporphyrin nanotubes.
has been observed previouslyRecently, study of diacid  Spectroscopic analysis of the metalloporphyrin-coated nano-
metalloporphyrin SAMs on Au surfaces showed that the tubes indicates that one of the carboxylic acid groups of the
diacid metalloporphyrin SAMs were immobilized with two ~ diacid metalloporphyrins binds to the amide group of peptide
interactions, acigtacid dimer hydrogen bonds between diacid nanotubes, while the other carboxylic acid group of the diacid
metalloporphyrins and electrostatic interactions between metalloporphyrins binds to the carboxylic acid group of
carbonyl groups of diacid metalloporphyrins and &This neighboring metalloporphyrins. Since the peptide nanotubes
study indicates that one of carboxylic acids in diacid can potentially be assembled as arrays with large surface
metalloporphyrins binds Au and the other carboxylic acid areas?® the application of metalloporphyrin nanotubes to
group in diacid metalloporphyrins binds neighboring diacid nanoscale chemical sensors or photonics may be possible.
metalloporphyrins, which is similar to our proposed binding
conformation. These interactions were reported to add Acknowledgment. R.M. acknowledges Professor B.
stability of the diacid metalloporphyrin SAMs on Au Fookes for assistance with FTIR microscopy. This work was

hydrogen
bonds

peptide nanotube surface

surfaces* In our system, the two interactions, diacid
metalloporphyrir-peptide nanotube hydrogen bonds and
metalloporphyrin-metalloporphyrin hydrogen bonds, may
also provide excellent stability in the metalloporphyrin
attachment on the peptide nanotube surfaces. This stability
may reflect the observation that the metalloporphyrin-
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