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Noncovalent functionalization of a nanofibrous
network with a bio-inspired heavy metal binding
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Peptide–polymer nanofibrous networks can be developed to obtain hybrid systems providing both

functionalities of peptides and stability and processability of the polymers. In this work, a bio-inspired

heavy metal binding peptide was synthesized and noncovalently immobilized on water-insoluble

electrospun hydroxypropyl-beta-cyclodextrin nanofibers (CDNF). The peptide functionalized hybrid

nanofibers were able to bind to heavy metal ions and facilitated removal of metal ions from water. The

peptide–polymer scavenging system has potential for development of further molecular recognition

systems with various peptide sequences or host–guest inclusion complexes.
Introduction

Nature is a constant inspiration source for researchers solving
a wide range of critical problems of the modern age. Metal
ions are essential in many processes in nature such as
photosynthesis,1 water oxidation,1 respiration2 and nitrogen
xation.3 Although metal ions are an essential part of metal-
loproteins and benecial at optimum concentration levels,
heavy metal ions pose a serious threat for human health even
at low concentrations.4–6 These metal ions can contaminate
and spread through natural water sources. Several plants,
fungi, nematodas and algae have mechanisms to cope with
heavy metal contaminations.7 Their defense mechanism
utilizes phytochelatins, which are known for their heavy metal
detoxication capability.8 The phytochelatins are short
peptides consisting of g-Glu–Cys repeats and capable of
binding heavy metal ions via thiolate coordination.9,10 The
a-carboxylate group of glutamic acid and sulydryl group of
cysteine in phytochelatins coordinate to positively charged
metal ions and act as chelating agent. Similar to g-Glu–Cys
units of phytochelatin, it was previously reported that Glu–Cys
repeating units in phytochelatin-related peptides showed
binding abilities toward various heavy metals.11 Also, synthetic
peptides inspired by phytochelatins were used for different
applications such as determining the size of the nanocrystals
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produced in biomimetic synthesis processes,12,13 and binding
of heavy metals for biosensor applications.14

Functionalized brous polymeric materials and natural
polymers have been used for different purposes such as
increase of ber mechanical stability15 or drug delivery.16 In
addition, straightforward immobilization of peptides on the
polymeric materials can provide vast potential for new
materials design. Noncovalent interactions can offer a suit-
able tool in achieving easy functionalization of polymers. For
example, cyclodextrins are toroid shaped cyclic oligosaccha-
rides with a hydrophobic inner cavity and a hydrophilic
exterior; and they can form stable noncovalent host–guest
inclusion complexes.17,18 An adamantyl moiety is known to be
included and held strongly in cyclodextrin.19–21 Nearly perfect
match and strong binding between the cavity of b-cyclodex-
trin and guest diameter of adamantyl group was showed
previously.22

In this study, a bioinspired metal binding peptide was
noncovalently immobilized on the surface of polymer network
through host–guest inclusion mechanism (Scheme 1). We
synthesized a phytochelatin inspired peptide (PMP) including
Glu–Cys repeating units conjugated to an adamantyl moiety.
The PMP molecule was immobilized on a brous solid support
consisting of water-insoluble, crosslinked, electrospun
hydroxypropyl-beta-cyclodextrin nanobers (CDNF). Non-
covalent functionalization of CDNF nanobers with PMP
molecule was achieved by host–guest inclusion complex
formation between the cyclodextrin and the adamantyl units.
The PMP–CDNF hybrid brous solid network was used to
scavenge highly toxic metal ions including CdII, NiII and CrVI,
from aqueous solutions.
RSC Adv., 2013, 3, 24215–24221 | 24215
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Scheme 1 (a) Schematic drawing of HPbCD molecules. (b) Electrospun CDNF as a water-insoluble support. (c) CDNF support was functionalized with a metal ion
binding peptide via its adamantyl moiety. (d) Metal ions were removed from water through scavenging with PMP molecule. (e) Chemical structure and representative
illustration of the peptide molecule and metal ions.
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Experimental section
Materials

9-Fluorenylmethoxycarbonyl protected amino acids, MBHA rink
amide resin, HBTU (O-benzotriazole-N,N,N0,N0-tetramethyl-uro-
nium-hexauoro-phosphate) are purchased from Novabiochem.
Lauric acid is purchased from MERCK. All chemicals were used
directly without any further purication.
Peptide synthesis

Peptide molecule was constructed on MBHA Rink Amide resin.
Amino acid couplingswere performedwith 2 equivalents of Fmoc-
protected amino acid, 1.95 equivalents of HBTUand 2 equivalents
of DIEA (N,N-diisopropylethylamine) for 3 h. Fmoc removals were
performed with 20% piperidine/DMF solution for 20 min.
Cleavage of the peptides from the resin was carried out with a
mixture of TFA : TIS : H2O : EDT in ratio of 92.5 : 2.5 : 2.5 : 2.5 for
2 h. Excess TFAwas removedby rotary evaporation. The remaining
viscous peptide solution was triturated with cold ether and the
resulting white product was dried under vacuum. The peptide
molecule was puried with dialysis. For this purpose, Spectra/
Por� Biotech Cellulose Ester dialysis membrane with 100–500 Da
molecular weight cut-off was used. The peptide solution
was dialyzed for 4 days. Aer the dialysis, the peptide solutionwas
freeze-dried.
Liquid chromatography-mass spectrometry

Agilent Technologies 6530 Accurate-Mass QTOF system equip-
ped with a Zorbax SB-C8 column was used for liquid chroma-
tography-mass spectrometry (LC-MS) analysis. A gradient of
24216 | RSC Adv., 2013, 3, 24215–24221
H2O (0.1% NH4OH) and acetonitrile (AcN) (0.1% NH4OH) was
used as mobile phase. Purity of the PMP molecule was
conrmed by LC-MS (Fig. S1b and c†).

Electrospinning of poly-hydroxypropyl-beta-cyclodextrin
nanobers (CDNF)

Preparation of CDNF was performed by addition of epichloro-
hydrin as crosslinking agent into the highly concentrated
HPbCD alkaline solution. Electrospinning of clear solution
was carried at 15 kV with 10 cm tip-to-collector distance and
1 mL h�1

ow rate. Finally, excess amount of unreacted CD and
epicholorohydrin were removed by washing nanobers with
water and ethanol.

Functionalization of CDNF with PMPs

2.5 mM PMP solution was prepared with tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) containing 50 mM TRIS buffer
at pH 8.0. Then, CDNF network was immersed into the PMP
solution and incubated for 24 h. Then, the network was
removed from the solution, washed and dried at ambient
conditions.

UV absorbance measurements

2 mL of 20 mM metal ion solutions in 50 mM Tris buffer at
pH 8.0 was titrated with 5 mL aliquots of 2.4 mM peptide
solution prepared from 12 mM stock solution in 36 mM
tris(2-carboxyethyl) phosphine hydrochloride (TCEP-HCl) in
Tris buffer at pH 8.0. Aer addition of peptide solution into
metal solutions, the mixture was incubated for 45 min for
equilibrium. Then, absorbance of the solution was measured
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (a) SEM image of electrospun CDNF. (b) A macroscale photographic
image of CDNF. (c) Water-insoluble nature of CDNF.
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between 200 and 400 nm with Cary 5000 UV-Vis-NIR spec-
trophotometer. Before the measurements, absorbance of
buffer was corrected as blank.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) analysiswasperformedby a
Microcal ITC 200. Binding of metal ions to PMP–HPbCD and
HPbCD were measured. For ITC analysis of PMP–HPbCD, PMP
was dissolved in 36 mM tris(2-carboxyethyl) phosphine hydro-
chloride (TCEP-HCl) inTRISbuffer pH8.0. Then, the solutionwas
mixed with HPbCD in equal mol with PMP. For ITC analysis of
HPbCD, HPbCD was used in same amount as PMP–HPbCD
measurements. In ITCmeasurements, cell temperaturewas25 �C,
reference power was 5 mcal s�1, and stirring speed was 1200 rpm.

Elemental analysis

Aer PMP functionalization of the network, PMP content in
PMP–CDNFs was analyzed with elemental analysis. Thermo
Scientic FLASH 2000 series CHNS-O analyzer was used for
the analysis. Only PMP, only CDNF nanobers, PMP immo-
bilized nanobers and CDNF nanobers treated with
TRIS and TCEP samples were analyzed. As standard, 2,5-
(bis(5-tert-butyl-2-benzo-oxazol-2-yl)) thiophene powder was
used. In addition, vanadium(V) oxide was used in each
analysis as additive for compounds for complete thermal
decomposition.

Inductively coupled plasma-mass spectrometry

Thermo X series II inductively coupled plasma-mass spectrom-
eter (ICP-MS) was used to measure heavy metal ion concentra-
tions. Functionalization of CDNF with PMPs was completed as
given above. Initial heavy metal concentrations were 0.089, 0.051
and 0.096 mM for Cd, Ni and Cr metal solutions, respectively. At
certain time intervals, the samples were taken from the solutions
and 100 times diluted with 2% nitric acid solution for the
analysis. The ICP-MS operating parameters were: dwell time –

10 000 ms, channel per mass – 1, acquisition duration – 7380,
channel spacing – 0.02, carrier gas-argon.

X-ray photoelectron spectroscopy

X-ray photoelectron spectra of samples were recorded by using
Thermo K-alpha monochromated high performance X-ray
photoelectron spectrometer. The PMP–CDNF and CDNF were
analyzed before and aer incubation in metal ion solutions.
The survey analyses were performed at 5 scans. High resolution
spectra were recorded for the spectral regions depending on
metal at pass energy of 50 eV and 15 scans.

FT-IR spectroscopy

The Fourier Transform Infrared Spectrometer (FT-IR) (Bruker-
VERTEX 70) was used for the collection of infrared spectra of
the samples. The CDNF and PMP–CDNF were mixed with
potassium bromide (KBr) and pressed as pellets. The scans
(64 scans) were recorded between 4000 and 400 cm�1 at a
resolution of 4 cm�1.
This journal is ª The Royal Society of Chemistry 2013
Scanning electron microscopy

Morphology of CDNF and PMP–CDNF was analyzed with FEI
Quanta 200 FEG scanning electron microscope. All samples
were coated with 3 nm Au–Pt prior to imaging. For elemental
mapping, CDNF was not coated and the analysis was performed
at 5 kV.

Raman spectroscopy

WITec Alpha300S Scanning Near-eld Optical Microscope with
Raman module was used to characterize the samples. Nd:YAG
532 nm laser source was used in the experiments. Integration
time was 0.53 s. Number of accumulations was 50 for PMP–
CDNF sample and 10 for metal incubated samples. For Raman
spectral image, 100 mm � 100 mm was scanned with 50 points
per line and 50 lines per image. Scan speed was 10.6 s per line
and integration time was 0.21 s.

Results and discussions

Peptide–polymer hybrid systems form a new class of so
materials combining advantages of chemical structure and
functionality of biomolecules and benets of synthetic poly-
mers.23 In addition to exploiting peptides and proteins as
novel structural components, a great deal of interest in har-
nessing their unique functions in a materials context exists.24

Peptide–polymer hybrid materials can nd application in
water remediation applications.25 However, aforementioned
macromolecules usually possess poor handling and process-
ing characteristics and are difficult to immobilize for the
purposes of removal and recycling. Therefore, easy immobili-
zation of a peptide on a polymer surface by noncovalent
interactions would be useful for developing new functional
polymers.

In this work, phytochelatin inspired peptide functionaliza-
tion of a polymer network was achieved via host–guest inter-
actions. Electrospinning is a widely used technique for
development of functional sub-micron bres using polymers for
different applications.26 Water-insoluble CDNF network
(Fig. 1a–c) was obtained by electrospinning technique. The
CDNF network includes cyclodextrin (CD) moieties and an
adamantyl group is known to form host–guest inclusion
complex with b-CD.22 To immobilize PMP molecule on CDNF,
an adamantyl unit was conjugated covalently to N-terminus of
the peptide sequence by solid phase peptide synthesis method.
RSC Adv., 2013, 3, 24215–24221 | 24217
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Fig. 2 (a) ITC curve obtained from titration of b-CDwith adamantane conjugated peptide molecule. (b) Schematic representation of interaction between b-CD and the
peptide molecule. Adamantyl moiety of peptide molecule formed an inclusion complex with b-CD. The PMP molecule can bind to b-CD present in CDNF network.

Fig. 3 XPS spectra of (a) CDNF and (b) PMP–CDNF. Insets show N1s (red line) and S2p (blue line) XPS spectra. After PMP–CDNF complex is formed, N1s and S2p peaks
are present in XPS spectrum of PMP–CDNF (c) FTIR spectrum of PMP, CDNF and PMP functionalized CDNF. Inset indicates red shift in PMP–CDNF spectra compared to
CDNF spectra from approximately 3440 cm�1 to 3408 cm�1.

24218 | RSC Adv., 2013, 3, 24215–24221 This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a) Raman spectra of CDNF, PMP–CDNF and PMP–CDNF after incubation
with different metal solutions and mixture of the metal solutions. As amide I band
at 1650 cm�1 and as –SH vibration at 510 and 2450 cm�1 was seen in PMP–CDNF.
(b) Raman spectral image at 2934 cm�1 of 100 mm � 100 mm scan area of CDNF.
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A 6-amino-hexanoic acid molecule was used as a spacer before
conjugation of 1-adamantaneacetic acid to the peptide back-
bone. A glycine residue was added to both C and N termini of
–(Glu–Cys)3– peptide sequence (Scheme 1e and Fig. S1a†). Host–
guest interaction between adamantyl moiety of PMP and b-CD
was measured by ITC (Fig. 2). Titration of b-CD with
PMP revealed a moderate binding affinity (N¼ 1.17, Kd¼ 3.85�
104 M�1). Binding constant of the PMP and b-CD is similar to
binding constant of adamantane acetate and b-CD provided in
the literature.22

The CDNF is a brous solid support consisting of water-
insoluble crosslinked HPbCD nanobers with submicron
diameter. The CDNF can withstand water (pH �5–8) without
losing its integrity (Fig. 1c). Noncovalent functionalization of
CDNF with PMP molecule was achieved by incubation of CDNF
network in the PMP solution. The PMP–CDNF network was
characterized by scanning electron microscopy and no signi-
cant morphology change was observed in CDNF aer addition
of the PMP molecules (Fig. 1a and S2a†). Physical appearance
and insoluble character of CDNF were preserved aer func-
tionalization with the PMP molecules (Fig. S2a†).

The nature of interaction between PMP and CDNF was
investigated by using X-ray photoelectron spectroscopy (XPS),
FT-IR spectroscopy and Raman spectroscopy. Surface charac-
terization of CDNF by XPS revealed only C and O atoms (Fig. 3a).
On the other hand, PMP–CDNF network contained additional N
and S element peaks indicating the presence of PMP (Fig. 3b).
Amount of N and S elements were found to be 5.90% and 2.04%,
respectively on the surface of PMP–CDNF, (Table S1†). The FT-
IR spectra of CDNF and PMP–CDNF complex were obtained to
investigate adamantane-cyclodextrin complex (Fig. 3c). Signal
caused by multiple –OH groups on HPbCD red-shied from
3410 cm�1 to 3398 cm�1 due to interactions of hydroxyl groups
with N-terminal carbonyl of the guest molecule.27,28 Moreover,
amide II band of lyophilized PMP29 blue-shied from 1533 cm�1

to 1581 cm�1 upon complexation with CDNF. Observed shi is
indicative of increased in-plane N–H bending, which is a
result of signicantly reduced peptide–peptide interactions.
Complexation of PMP with CDNF disrupts interactions of
individual PMP molecules (mainly H-bonds). Raman spectrum
of CDNF (Fig. 4a) showed signicant b-CD Raman bands30 such
as symmetric stretching of –C–O–C at 938 cm�1, stretching
vibration of –CH2 at 2934 cm�1, scissoring vibration of –CH2

and –CH at 1344 cm�1, and scissoring vibration of –OH at
1409 cm�1. Raman spectrum of PMP–CDNF revealed additional
bands at 2450 cm�1 and 1650 cm�1 corresponding to stretching
vibration of S–H and amide I vibration,31 respectively. Confocal
Raman image of CDNF at 2934 cm�1 demonstrated HPbCD
presence in the network (Fig. 4b).

PMP content in CDNF was determined quantitatively by
elemental analysis. PMP, CDNF, CDNF treated with buffer and
tris(2-carboxyethyl) phosphine hydrochloride (TCEP-HCl), and
PMP–CDNF samples were analyzed with CHNS–O analyzer aer
drying under ambient conditions (Table S2†). Mass difference
in C, H, N, and S of PMP between experimental and theoretical
values was only 1% (Table S3†). Negligible amount of N was
detected in CDNF treated with buffer, although there is no N in
This journal is ª The Royal Society of Chemistry 2013
the CDNF. The N content could be due to nonspecic adsorp-
tion of Tris buffer molecules.

Metal ions including CdII, NiII, and CrVI were used to eval-
uate metal binding affinity of the PMP molecule. Interaction
between metal ions and the PMP molecule was rst studied by
isothermal titration calorimetry (ITC). Solutions of CdII, NiII,
and CrVI were titrated with PMP solution at pH 8 (Fig. 5a, S5a
and S6a†). ITC measurements showed greater affinity of PMP
towards CdII ions. The interaction between HPbCD molecule
and metal ions was negligible (Fig. S4a, S5b, and S6b†). Inter-
action between metal ions, CdII, NiII, and CrVI, and the PMP
molecule was also monitored through change in UV absorption
of metal ion solutions. Increase in absorption peak at ca.
240 nm was observed for CdII (Fig. 5b) and CrVI metal ions
(Fig. S6c†)32–35 due to ligand-to-metal charge transfer (S / Mn)
of Cd–S and Cr–S bonds; the increase leveled off aer 1.5 molar
eq. of PMP was titrated into the solution. Titration of CrVI with
the PMP molecule also revealed decrease in absorption bands
at ca. 280 and 375 nm. Titration of NiII revealed peak increase
around 270 nm (Fig. S5c†) due to S / NiII charge transfer,36

which also leveled off at 1.5 molar eq. of PMP. Interaction
between metal ions and PMP–CDNF system was veried by
using PMP-functionalized and pristine CDNF, which were
immersed into metal ion solutions (CdII, NiII and CrVI). Metal
ions can be extracted from water by immersion of the PMP-
functionalized CDNF network into solution. Metal ion concen-
tration in solution was monitored by inductively coupled
plasma-mass spectrometer (ICP-MS) at different time intervals
for 24 h incubation. Increase in metal binding also indirectly
showed us the stability and functionality of PMP–CDNF scav-
enging system during incubation. The PMP–CDNF network
captured 0.041 � 0.004 mmol mg�1 CdII, 0.010 � 0.001 mmol
mg�1 NiII and 0.008 � 0.005 mmol mg�1 CrVI. However, pristine
CDNF captured less than 0.005 mmol mg�1 CdII, NiII and CrVI

(Fig. S7†).
RSC Adv., 2013, 3, 24215–24221 | 24219
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Fig. 5 (a) Isothermal titration curve of PMP with CdCl2 solution (b) Cd 3d XPS spectrum of PMP–CDNF after incubation in CdII solution. (c) Absorption change within
20 mM CdCl2 titration with PMP solution in 50 mM Tris buffer at pH 8.0.
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In addition, no signicant change was observed in
morphology of the PMP–CDNF network upon binding to metal
ions and the brous structure of the sample was preserved
(Fig. S2b–d†). Aer immersion of the sample into metal ion
solution, a decrease in S–H vibration at PMP–CDNF sample was
observed (Fig. 5a), which indicates interaction between suly-
dryl groups and metal ions. The XPS analysis of PMP–CDNF
samples incubated in metal ion solutions demonstrated greater
affinity of the system to CdII (Fig. 5c). On the other hand, XPS
spectra of CrVI and NiII did not show signicant binding of these
metal ions (Fig. S5d and S6d†).
Conclusions

In conclusion, we report design and synthesis of a heavy metal
binding peptide sequence, which can be conjugated to an
electrospun CDNF network through adamantane–cyclodextrin
host–guest inclusion complex formation. Metal ion binding
ability of the PMP molecule was veried with CdII, NiII, and CrVI

for PMP functionalized CDNF network in aqueous conditions.
ITC measurements by titrations of metal ions with PMP mole-
cule conrmed binding of the PMP molecules to corresponding
metal ions. ITC measurement of PMP and b-CD showed that
there is moderate binding affinity. Therefore, the PMP–CDNF
system was utilized for metal ion scavenging. The amount of
metal ions bound to PMP–CDNF brous network was quantied
by ICP-MS, stability and functionality of the scavenging system
was assessed during the metal incubation. Water-insoluble
PMP–CDNF brous network preserved its brous structure
without any deformation during metal ion scavenging process.
24220 | RSC Adv., 2013, 3, 24215–24221
Hence, we successfully demonstrated design, synthesis, char-
acterization, and application of a peptide–polymer hybrid
scavenging system by using electrospun CDNF brous network
as a solid support. On the other hand, metal binding capacity of
such a scavenging system can be enhanced by using additional
modications on phytochelatin mimetic peptides and also
polymer support. The peptide–polymer scavenging system has
potential for development of further molecular recognition
systems with various peptide sequences or host–guest inclusion
complexes.
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