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ABSTRACT: The development of α,ε-hybrid peptide-stabilized magnetic nanoparticles and
their application to fabricate a paper-based actuator has been reported. From single-crystal
diffraction analysis, the nitropeptide 2 has an extended structure with a trans geometry. The
one-pot in situ multiple oxidation−reduction reaction of a synthetic nitropeptide solution in
ammonium hydroxide and FeCl2 leads to the formation of Fe3O4 nanoparticles. The reduction
reaction replaces the nitro group with an amine group, which finally acts as capping agent for
the stabilization of the Fe3O4 nanoparticles. Paper-based soft magneto machines with
multivariant actuation modes such as contraction−expansion, bending, and uplifting
locomotion have been studied. The device has potential as controllable paper-based soft
robots.

■ INTRODUCTION
Over the past decade, scientists have been fascinated by the
development of stimulus-responsive soft materials and their
potential applications as soft actuators.1 The soft actuators can
convert external stimuli into mechanical work.2 The soft
actuators have great potential in the fabrication of intelligent
devices like smart switches, soft robots, artificial muscles, and
various micro-electromechanical systems.3 The most important
feature of soft actuators is both programmable and controllable
shape deformation.4 From the literature, external stimuli, such
as pH,5 solvent vapors,6 electricity,7 light,8 magnetic fields,9

heat,10 and humidity,11 have been exploited to manipulate soft
actuators.12−14

A wide range of stimulus-responsive soft materials, such as
hydrogels,15 organogels, electroactive polymers,16 shape-
memory polymers17 plastic crystals, dielectric elastomers,18

self-healing crystals,19 etc., have been used for the design of
soft actuators with reversible and fast deformation propen-
sities.20−22

Synthetic foldamers containing designer building blocks are
regularly used to mimic the structure and function of
biopolymers.23−25 The incorporation of noncoded β-, γ-, δ-,
or ε-amino acids into folded structures with α-amino acid
chains has been widely used in the design of foldamers having
hybrid backbones.26−29 For example, Gopi and co-workers
have reported the unsaturated amino acid-triggered folding of
polypeptides.30 However, controlling the molecular orientation
and diverse degrees of self-assembly of unsaturated peptides in
comparison with their saturated analogues is still challenging.30

Herein we have synthesized two nitropeptides containing
trans-α,β-unsaturated ε-amino acid and α-amino acids. The

natural existence and very good bioactivities of unsaturated
amino acids motivated us to examine the conformational
preferences of these amino acids in hybrid peptides. Although
3-(3-aminophenyl)propionic acid has been extensively inves-
tigated in biology and materials science,19,20 very little is
known about the conformational properties of the unsaturated
analogue 3-nitrocinnamic acid. 2-Aminoisobutyric acid (Aib) is
helicogenic and conformationally rigid. 3-Nitrocinnamic acid is
also geometrically constrained. L-Leu or L-Phe will adjust the
hydrophobicity (Figure 1). Interestingly, the α,ε-hybrid
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Figure 1. Chemical structures of α,ε-hybrid nitropeptides 1 and 2.
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peptides 1 and 2 exhibit extended trans conformations in the
solid state. The one-pot in situ multiple oxidation−reduction
reaction of a synthetic nitropeptide solution in ammonium
hydroxide and FeCl2 leads to the formation of Fe3O4
nanoparticles. The reduction reaction replaces the nitro
group with an amine group, which finally acts as capping
agent for the stabilization of the Fe3O4 nanoparticles. Paper-
based soft magneto machines with multivariant actuation
modes such as contraction−expansion, bending, and uplifting
locomotion has been studied.

■ EXPERIMENTAL SECTION
General. All L-amino acids (L-phenylalanine, 2-amino-

isobutyric acid, L-leucine), m-nitro benzaldehyde, and malonic
acid were purchased from Sigma chemicals. HOBt (1-
hydroxybenzotriazole), DCC (dicyclohexylcarbodiimide),
FeCl3·6H2O (ferric chloride hexahydrate), and FeSO4·7H2O
(ferrous sulfate heptahydrate) were purchased from SRL.
Peptide Synthesis. Peptide 1 and peptide 2 were

synthesized by the traditional solution-phase method.31 The
amino acid C-terminus was protected by methyl ester
formation. Coupling was promoted by 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC). The purifica-
tion of products was done using column chromatography on
silica gel (mesh size 100−200) with an n-hexane−ethyl acetate
solution as eluent. The reaction intermediates and final
peptides were fully characterized by 1H NMR (400 and 500
MHz) spectroscopy, 13C NMR (125 MHz) spectroscopy, mass
spectrometry, and FT-IR spectroscopy analyses. Further, X-ray
crystallography was performed to characterize the peptide 2.

Synthesis of NH2-Phe-Phe-OMe. 0.852 g (2 mmol) of Boc-
NH-Phe-Phe-OMe was taken in a 25 mL round-bottom (RB)
flask and mixed with 2.5 mL of trifluoroacetic acid (TFA) to
dissolve it completely, and the reaction mixture was stirred at
room temperature for 8 h. TFA was evaporated from the
solution by heating it at around 80 °C using a heating mantle.
The semi-solid residue was treated with 20 mL of diethyl ether
to remove the impurities (unreacted Boc-NH-Phe-Phe-OMe
and 2-methylpropene) through the filtrate part by filtration
using whatman-40 filter paper. The white residue powder was
collected to yield NH2-Phe-Phe-OMe, which was then directly
used for the next step without any further purification and for
spectroscopic characterization. The product was greyish white
colored with yield of 0.610 g (1.43 mmol, 72%).

Synthesis of Peptide 1. 3-(3-Nitrophenyl)-acrylic acid (0.84
g, 5 mmol) was dissolved in 25 mL of dichloromethane
(DCM) in an ice−water bath. NH2-Phe-Phe-OMe was isolated
from 1.17 g (10 mmol) of the corresponding salt
andtrifluoroacetate ester by neutralization and subsequent
extraction with ethyl acetate. The ethyl acetate extract was
removed in a vacuum and then added to the reaction mixture,
immediately followed by 1.344 g (7 mmol) of 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC) and 0.95 g (7
mmol) of HOBt. The reaction mixture was allowed to come to
room temperature and stirred for 48 h. DCM was evaporated,
and the residue was dissolved in ethyl acetate (60 mL). The
organic layer was washed with 2 M HCl (3 × 50 mL), brine (2
× 50 mL), 1 M sodium carbonate (3 × 50 mL), and brine (2 ×
50 mL) and dried over anhydrous sodium sulfate. Purification
was done by a silica gel column (100−120 mesh size) with an
ethyl acetate and hexane mixture (1:5) as the eluent. The
product was obtained as white flake solids with the yield of 1.3
g (3 mmol, 60%). 1H NMR (400 MHz, DMSO-d6, δ ppm):

8.62−8.60 (d, 1H, Phe-NH proton), 8.37 (m, 2H, Ar-H),
8.35−8.33 (d, 1H, Phe-NH proton), 7.99−7.97 (d, 1H, Ar-H),
7.72−7.68 (t, 1H, Ar-H), 7.49−7.45 (d, 1H, vinylic proton),
7.29−7.15 (m, 10H, Ar-H), 6.91−6.87 (d, 1H, vinylic Proton),
4.76−4.70 (m, 1H, Phe CαH), 4.55−4.50 (m, 1H, PheCαH),
3.60 (s, 3H, ester-CH3 proton), 3.09−3.05 (m, 1H, Phe-CβH),
3.05−2.99 (m, 1H, Phe-CβH), 2.99−2.94 (m, 1H, Phe-CβH),
2.80−2.74 (m, 1H, Phe-CβH). 13C NMR (125 MHz, DMSO-
d6, δ ppm): 172.22, 164.55, 148.79, 138.12, 137.55, 137.24,
132.02, 54.14, 52.42, 38.26, 37.13. ESI-MS (MeOH):
C28H27N3O6 m/z = 501.29; [M + Na]+ = (calculated)
524.19, (found) 524.78; [2M + Na]+ = 1026.3087. FT-IR
spectral data: 3286 cm−1 (N−H stretching), 3085 cm−1 (C−H
stretching), 1731 cm−1 (C�O stretching), 1633 cm−1 (amide
I stretching), 1540 cm−1 (amide II bending).

Synthesis of Peptide 2. m-Nitrocinnamic acid (MNCA)
containing peptide (MNCA-Aib−OH) (2.92 g, 10 mmol) was
dissolved in 50 mL of DCM in an ice−water bath. NH2-Leu-
OMe was isolated from 1.72 g (12 mmol) of the corresponding
salt and methyl ester by neutralization and subsequent
extraction with ethyl acetate, and the ethyl acetate extract
was removed in a vacuum and then added to the reaction
mixture, followed immediately by 3.16 g (16.5 mmol) of 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochlor-
ide (EDC) and 2.3 g (16.5 mmol) of HOBt. The reaction
mixture was allowed to come to room temperature and stirred
for 48 h. DCM was evaporated, and the residue was dissolved
in ethyl acetate (60 mL). The organic layer was washed with 2
M HCl (3 × 50 mL), brine (2 × 50 mL), 1 M sodium
carbonate (3 × 50 mL), and brine (2 × 50 mL) and dried over
anhydrous sodium sulfate. It was evaporated in a vacuum to
yield MNCA-Aib-Leu-OMe. Purification was done by silica gel
column (100−120 mesh size) with an ethyl acetate and hexane
mixture (1:4) as the eluent. The product was obtained as white
solid powder with the yield of 1.7 g (4.2 mmol, 46%). The
product was characterized by NMR, mass spectrometry and IR
spectroscopy. 1H NMR (400 MHz, DMSO-d6, δ ppm): 8.34
(t, 1H, Ar-H), 8.19−8.17 (m, 1H, Ar-H), 7.77−7.75 (m, 1H,
Ar-H), 7.64−7.60 (d, 1H, J = 16 Hz, vinylic-H), 7.57−7.53 (t,
1H, Ar-H), 6.93−6.91 (d, 1H, J = 8 Hz, Leu-NH proton), 6.66
(s, 1H, Aib-NH proton), 6.60−6.56 (d, 1H, J = 16 Hz, vinylic-
H), 4.63−4.58 (m, 1H, Leu-CαH), 3.73 (s, 3H, OMe proton),
1.69−1.61 (m, 9H, Leu-Cβ, Leu-Cγ, Aib-Cβ proton), 0.95−
0.93 (d, 6H, J = 8 Hz, Leu-Cδ proton). 13C NMR (125 MHz,
DMSO-d6, δ ppm): 174.28, 173.47, 164.74, 148.72, 143.86,
138.62, 136.59, 133.88, 129.98, 124.18, 121.98, 57.76, 52.41,
51.23, 41.45, 121.98, 57.76, 24.93, 22.89, 22.03. Mass spectral
data TOF-MS m/z: Mol. Wt. = 405.45, [M + Na]+ = 428.37;
[M + K]+ = 444.38, [2M + Na]+ = 833.39. FT-IR spectral data:
3280 cm−1 (N−H stretching), 2955 cm−1 (C−H stretching),
1740 cm−1 (ester C�O stretching), 1663 cm−1 (amide I),
1526 cm−1 (amide II).

Synthesis of Magnetic Nanoparticles. The magnetic
nanoparticles were synthesized by the one-pot oxidation−
reduction reaction and centrifugation technique.12 Under an
inert atmosphere, an FeCl2·4H2O solution in degassed Milli-Q
water (resistivity of 18.2 MΩ-cm) was added to the
ammonium hydroxide solution of corresponding nitropeptide.
In presence of ammonium hydroxide, FeCl2 converted to
Fe(OH)2, which was further oxidized to Fe(OH)3 by the
nitropeptide. Finally, Fe3O4 nanoparticles were developed by
the reaction between Fe(OH)2 and Fe(OH)3. The reduction
reaction replaces the nitro group with an amine group, which
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finally acts as a capping agent for the stabilization of the Fe3O4
nanoparticles (Figure 2). The black precipitate was washed

with Millipore water several times, centrifuged, washed with
ethanol to remove loosely assembled peptides, and dried under
vacuum for 48 h. For our reference, we also synthesized pure
Fe3O4 magnetic nanoparticles (without peptide capping) by
following a traditional coprecipitation method (Figure S1).36

Coating of Nanoparticles on Paper. A α,ε-hybrid peptide-
stabilized Fe3O4 nanoparticle suspended in methanol was
dropcasted uniformly on one side of a paper strip using a
microtip and a spatula. It was dried for 24 h at room
temperature, followed by vacuuming. It was placed in a static
position with help of a clam, and the whole system was kept in
a nonmagnetic zone. Hence, when the solvent (methanol) was
evaporated, the paper strip was coated by the peptide−
nanoparticle conjugates. The same method was performed for
pure Fe3O4 nanoparticles.

NMR Experiments. All NMR spectroscopy was done on a
400 MHz Jeol or 500 MHz Bruker spectrometer. Compound
concentrations were in the 1−10 mM range in DMSO-d6 and
CDCl3 solutions.

31

FT-IR Experiments. FT-IR spectroscopy in the solid state
was performed with a PerkinElmer Spectrum RX1 spectropho-
tometer using the KBr disk method.

Mass Spectrometry. Mass spectrometry was carried out on
a Waters Corporation Q-Tof Micro YA263 high-resolution
mass spectrometer by electrospray ionization (positive mode).

Field Emission Scanning Electron Microscopy. Field
emission-scanning electron microscopy (FE-SEM) was per-
formed to examine the morphologies of the peptide-stabilized
nanoparticles. 2 mg of the corresponding compound was
dispersed in 1 mL of methanol, and the solution was

Figure 2. Schematic presentation of the synthesis of magnetic
nanoparticles (peptide 1−Fe3O4 and peptide 2−Fe3O4).

Figure 3. (a) Oak Ridge Thermal-Ellipsoid Plot Program (ORTEP) diagram of α,ε-hybrid peptide foldamer 2 showing the antiparallel arrangement
of molecules (50% probability). (b) Higher-order assembly of α,ε-hybrid peptide foldamer 2 to form an antiparallel arrangement. Black dotted lines
represent intermolecular hydrogen bonding.
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dropcasted on microscopic glass coverslip and dried under
vacuum for 48 h. The samples were gold-coated with a sputter,
and the images were captured in an FE-SEM apparatus (JEOL
Scanning Microscope-JSM-6700F).

DLS Study. Particle sizes were measured by dynamic light
scattering (DLS) using a Malvern Zeta Sizer Nano ZS
instrument (Malvern Instruments Ltd., UK) equipped with a
He−Ne laser (wavelength of 633 nm). First, we made a 10−2

M stock-suspended solution in methanol. Then we made a
10−4 M solution in the respective solvent (methanol). For the
DLS size measurement, we took 20 μL of the respective
mixture in 1 mL of solvent with a respective solution ratio.

Powder X-ray Diffraction (PXRD) Study. The PXRD
pattern was recorded in a Rigaku X-ray diffractometer (C
3000) with a parallel beam optics attachment. The instrument
was operated at a 45 kV voltage and 200 mA current and was
calibrated with a standard silicon sample. The wavelength of
the X-ray source is 1.5418 Å (Kα value of Cu). The compound
was ground for 1 min to obtain a fine powder sample with the
help of a mortar and pastel. Then, the powder sample was
subjected to place in a glass sample holder, and the holder was
placed into the instrument horizontally to measure the PXRD
data.

X-ray Crystallography. Diffraction-quality white-colored
crystals of peptide 2 were obtained from mixture of solvent
(methanol−water with 3:1 ratio) by slow evaporation.
Intensity data were collected with Mo Kα radiation by a
Bruker APEX-2 CCD diffractometer. Data were processed
using the Bruker SAINT package. The structure solution and
refinement were performed by SHELX97. Refinement of non-
hydrogen atoms was performed using anisotropic thermal
parameters.31 Crystal data of peptide 2 are as follows: formula,
C20H27N3O6; formula weight, 405.45; space group, I2; a =
20.2472(5) Å; b = 5.8735(1) Å; c = 36.0878(11) Å; α = 90°; β
= 101.032(3)°; γ = 90°; V = 4212.32(18); Z = 8; D = 1.279 g·
cm−3; K = 100; R1 = 0.0744; and wR2 = 0.2178. The data were
submitted at the Cambridge Crystallographic Data Centre with
CCDC reference 2206018.

■ RESULTS AND DISCUSSION
The noncoded amino acid trans-3-nitrocinnamic acid was
synthesized by the condensation reaction between 3-nitro-
benzaldehyde and malonic acid in a DMF−water medium at
120 °C for 6 h. The α,ε-hybrid peptides 1 and 2 were
synthesized using a traditional solution-phase peptide coupling
reaction using EDC as a coupling reagent (Scheme S1 and
Scheme S2). The synthesized peptides and intermediates were
purified by column chromatography and analyzed by 1H NMR,
13C NMR, FT-IR, and mass spectrometry.
First, the structure and the assembly of unsaturated peptides

were investigated by solid-state FT-IR spectroscopy. The
unsaturated α,ε-hybrid peptide 1 exhibits N−H stretching
vibrations at 3290 cm−1 for hydrogen-bonded NHs. There is
also non-hydrogen bonded N−H at 3447 cm−1. The ester peak
appears at 1731 cm−1 ,and amide I and amide II peaks appear
at 1636 and 1540 cm−1 (Figure S2a).21 However, the α,ε-
hybrid peptide 2 shows a N−H stretching vibration at 3280
cm−1 for hydrogen-bonded NHs and amide I and amide II
peaks at 1663 and 1526 cm−1 (Figure S2b).21 Hence the
peptides adopt a hydrogen-bonded sheet-like structure.
To explore the molecular conformation and self-assembly

pattern of the 3-nitroocinnamic acid-containing α,ε-hybrid
peptides, single-crystal X-ray analysis was performed. White

colored monoclinic crystals of peptide 2 were obtained from a
methanol−water (3:1) solution by slow evaporation. There are
two molecules of peptide 2 in the asymmetric unit (Figure 3a)
in the antiparallel arrangement.22 The two molecules are
stabilized by four intermolecular N−H···O hydrogen bonds
between Aib N−H and Aib C�O and Leu N−H and Leu C�
O (Figure S3). The formation of self-assembled dimer of
peptides 1 and 2 was also confirmed by ESI-MS spectrometry
(Figure S4). In higher-order packing, the peptide 2 molecules
self-assemble to form an antiparallel arrangement (Figure 3b)
through intermolecular hydrogen bonding interactions. Table
1 shows the hydrogen bonding parameters of peptide 2. Due to

the presence of multiple benzene rings and the strong
hydrophobic properties of the phenylalanine moieties in
peptide 1, it probably could not form an ordered structure.
We have tried to crystallize peptide 1 from different solutions
but failed to obtain an X-ray-quality crystal.
The morphology of the peptides was investigated by POM

and field emission scanning electron microscopy (FE-SEM)
(Figure S5). The FE-SEM images show that the peptides 1 and
2 exhibit a polydisperse microsphere morphology (Figure S5).
The average diameter of peptide 1 microspheres is about 1 μm,
but the average diameter of peptide 2 microspheres is about
1.5 μm.
In general, Fe3O4 nanoparticles can be synthesized using

different methods and can be modified or stabilized by
different capping agents; in addition, to control high surface
activity and high specific surface area, different surfactants can
be used.32 However, there are only a few examples showing
one-pot, low-cost, and efficient in situ multiple oxidation−
reduction reactions of synthetic nitropeptides to develop
Fe3O4 nanoparticles.33 Here we have used two unsaturated
nitropeptides that can act as oxidizing agents for the synthesis
and stabilization of magnetic nanoparticles. Hence, there is no
need for any other external agent or surfactant to fabricate
Fe3O4 nanoparticles. Moreover, the presence of L-Phe, Aib, and
L-Leu moieties will help to enrich the hydrophobicity around
the Fe3O4 nanoparticle as well as the attachment process on
the paper surface by various noncovalent interactions such as
hydrogen bonding, π−π interaction, and hydrophobic
interactions, which might be more effective in the diverse
filed of actuation.34 In this regard, we have synthesized peptide
1−Fe3O4 nanoparticles, peptide 2−Fe3O4 nanoparticles, and
pure Fe3O4 nanoparticles.
All three types of Fe3O4 nanoparticles were analyzed and

characterized by different spectroscopic studies. The morphol-
ogy of α,ε-hybrid peptide-stabilized magnetic nanoparticles
was further studied by field emission-scanning electron
microscopy (FE-SEM) techniques. The FE-SEM images
(Figure 4) depict the formation of peptide-stabilized Fe3O4
nanoparticles. From Figure 4a, the average diameter of peptide
1−Fe3O4 nanoparticles is combined average (ca.) 95 nm. In
the case of peptide 2−Fe3O4 and pure Fe3O4 nanoparticles, the
average diameters are 67 and 35 nm, respectively (Figure S6).

Table 1. Hydrogen Bonding Parameters of Peptide 2a

D−H···A D···H (Å) H···A (Å) D···A (Å) D−H···A (Å)

N2−H2···O4a 0.8800 1.9500 2.818(8) 167
N5−H5···O10b 0.8800 2.0000 2.870(8) 168
N6−H6A···O11b 0.8800 2.2100 3.054(8) 162

aSymmetry equivalent: a = x, −1 + y, z; b = x, 1 + y, z.
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Peptide 1 contains two phenylalanine (-Phe) residues, whereas
peptide 2 contains one 2-aminoisobutyric acid (-Aib) residue
and another Leucine (-Leu) residue in its peptide backbone.
The hydrophobicity as well as the self-assembly of these two
peptides around Fe3O4 nanoparticles are different, which
indicates that grafted peptide 1 stabilized nanoparticles with a
larger average diameter compared to peptide 2, as seen from
the average diameter of the pure Fe3O4. Peptide-stabilized
Fe3O4 nanoparticles are of a larger average size than pure
Fe3O4, which might be due to grafting of peptide residues on
the surface of Fe3O4 magnetic nanoparticles.
Energy-dispersive X-ray spectroscopy (EDS) experiments

were done for the metal content determination of the α,ε-
hybrid peptide-stabilized magnetic nanoparticles. Figure 4b
displays the elemental composition of α,ε-hybrid peptide 1−
Fe3O4 magnetic nanoparticles, verifying the presence of Fe and
O. The quantitative determination of the metal content was
found to be 78.13 weigh t% Fe and 21.87 weight % O.
Dynamic light scattering (DLS) experiments were per-

formed to assess the size of the magnetic nanoparticles.14 DLS
is a rapid screening method used to define nanostructures by
the presence of discrete peak intensity. From the DLS study in
suspended methanol solution, it was found that peptide−
Fe3O4 nanoparticles prepared and stabilized by α,ε-hybrid
peptides have hydrodynamic sizes between 90 an 150 nm, with
average sizes ca. 109 ± 6.91 nm for peptide 1−Fe3O4
nanoparticles (Figure 4C) and 91.65 ± 5.81 nm for peptide
2−Fe3O4 nanoparticles. (Figure S7). However, the particle
sizes varied for different peptides due to the assembly of the

peptides and aggregation. The peptide-stabilized magnetic
nanoparticles are superparamagnetic in nature. Hence, the
NMR experiments could not be carried out for further
characterization.
However, FT-IR spectroscopy is an excellent technique for

studying the α,ε-hybrid peptide-stabilized magnetic nano-
particles. The interactions between peptides and Fe3O4 can be
analyzed by the change in the FT-IR spectra. Figure 5 shows

stacked FT-IR spectra of different Fe3O4 magnetic nano-
particles combined with peptide 2. The spectrum exhibits an
absorption peak above 3400 cm−1, which represents the
stretching vibration of O−H in H2O, and peaks around 592
cm−1, which denote the stretching vibration of the Fe−O bond
in Fe3O4. The peak at 1638 cm−1 represents the bending
vibration of H2O. As a control, pure peptide 2 and pure Fe3O4
nanoparticles were mixed physically (pure peptide 2−pure
Fe3O4), and the spectrum was measured. The characteristic
bands of peptide at 1526 cm−1 (amide II) are present in all the
spectrum except pure Fe3O4. The stretching vibration of the
C�O bond at 1663 cm−1 (amide I), which is present in pure
peptide 2 and pure peptide 2−pure Fe3O4, is absent in case of
peptide 2−Fe3O4 NPs (nanoparticles). The NH stretching
frequency at 3280 cm−1 for peptide 2 and the stretching
vibration of the C−O bond at 1175 cm (pure peptide 2) and
1167 cm−1 (pure peptide 2 - pure Fe3O4) are also absent in
peptide 2−Fe3O4. The similar results were also observed in the
spectrum of peptide 1−Fe3O4 NP (Figure S8). These results
suggest that the screened peptides (peptide 1 and peptide 2)
were successfully grafted onto Fe3O4 NPs.
Thermogravimetric analysis (TGA) was also carried out to

validate the conjugation of peptides to Fe3O4 nanoparticles.
TG curves of peptide 2 stacked with peptide 2−Fe3O4 and
pure Fe3O4 are shown in Figure 6a. The weight loss of samples
before 100 °C was mainly because of the absorption of water
on Fe3O4 nanoparticles. There are few weight losses in the TG
curve of pure Fe3O4. The sharp weight loss in the case of pure
peptide 2 around 270 °C is due to mainly the thermal
decomposition of the compound. In the peptide 2−Fe3O4
curve, a sheer dip in weight around 250 °C might be due to the
thermal decomposition of peptide 2 grafted onto Fe3O4

Figure 4. (a) FE-SEM image of α,ε-hybrid peptide 1−Fe3O4
magnetic nanoparticles. (b) EDS spectrum of α,ε-hybrid peptide
1−Fe3O4 nanoparticles. (c) DLS study of magnetic nanoparticles
prepared and stabilized by peptide 1.

Figure 5. FT-IR absorption spectra. Black, pure peptide 2−pure
Fe3O4; red, peptide 2−Fe3O4 nanoparticle; blue, pure peptide 2;
green, pure Fe3O4.
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nanoparticles, and after that no such change in weight probably

resulted from the pure Fe3O4 nanoparticles. The same type of

TG curve was observed for peptide 1 (Figure S9), suggesting

the conjugation between the peptide and the Fe3O4 nano-
particles.
The formation of the magnetic nanoparticles was further

confirmed by PXRD experiments. Figure 6b shows the stacked

Figure 6. (a) TG curves of corresponding pure peptide 2 (black), peptide 2−Fe3O4 nanoparticles (red), and pure Fe3O4 nanoparticles (blue). (b)
PXRD patterns of pure Fe3O4 (black), peptide 1−Fe3O4 nanoparticles (red), and peptide 2−Fe3O4 nanoparticles (blue).

Figure 7. (a) Photograph of α,ε-hybrid peptide 1-stabilized Fe3O4 nanoparticle-coated paper strip fixed by a clip. (b) Image showing the actuation
under an external magnetic field. (c) Attraction of the Fe3O4 nanoparticles with an external magnet through paper. (d and e) Schematics of the
magnetic-field-driven actuation property of the paper-based actuator. (f) Distance dependence of the curvature of the actuators. The blue line
indicates raw paper and the orange line indicates nanoparticles.
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PXRD patterns of α,ε-hybrid peptide-stabilized Fe3O4 nano-
particles and also pure Fe3O4 nanoparticles. The peak positions
at 22.82 (111), 28.416 (220), 36.07 (311), 43.59 (400), 57.69
(511), and 63.21 (440) are close to that of magnetite (card no.
89-3854), i.e., standard Fe3O4 X-ray data. It is implied that the
resultant Fe3O4 nanoparticles are pure Fe3O4 with a spinel
structure and that grafting does not induce any phase change
of Fe3O4.
Paper is a not magnetic material. It is mainly composed of

cellulose fibers that have many oxygen-containing groups on
the surface. Compared to other commonly used materials in
the field of soft actuators, cellulose offers many advantages
such as low cost, sustainability, versatile applications, and
abundance.35 Cellulose-based soft actuators are receiving a lot
of attention and are undergoing exciting development due to
the enormous and growing demand in the functional flexible
electronics industry. We have coated both peptide-stabilized
nanoparticles and pure Fe3O4 nanoparticles on the paper strip
(Figure S10). The microstructures of peptide−-Fe3O4 nano-
particles are analyzed using scanning electron microscopy
(SEM) (Figure S11) and energy-dispersive X-ray spectroscopy
(EDS) (Figure S12). As a control, we compared the stability of
a coating of pure Fe3O4 nanoparticles with the peptide-
stabilized Fe3O4 nanoparticles on paper. Pure Fe3O4 nano-
particles can easily agglomerate and sedimentate due to their
high specific surface area and surface activity.32 As a result, the
pure Fe3O4 nanoparticle-coated paper could not hold the
nanoparticles to properly coat it. Peptide−Fe3O4 nanoparticles
were more uniformly distributed on the raw paper due to the
strong hydrophobic nature of the peptides, which can bind
with the Fe3O4 nanoparticles to coat the paper in a more
effective way (Supplementary Movie 1). The developed
method for the one-pot synthesis of nitropeptides−Fe3O4
nanoparticles is very robust, and coated paper with the
peptides−Fe3O4 nanoparticles is very stable for couple of
months in open air under laboratory light and room
temperature. We have shown the actuation property of
peptide-stabilized Fe3O4 nanoparticles in two different

magnetic environments. First, we applied a static magnetic
field using a strong block magnet (B = 300 mT).
(Supplementary Movie 2) To investigate the actuating
property, 0.2 g of α,ε-hybrid peptide 1−Fe3O4 nanoparticles
suspended in methanol is coated uniformly on one side of a
raw paper strip and placed in a static position with the help of a
clam, and the whole system is placed in a nonmagnetic zone
(Figure 7a). This coated paper can be used to construct
magnet-sensitive actuators (Figure 7b and c). The magnetic-
field-driven actuation mechanism of coated paper actuators is
schematically illustrated in Figure 7d and e. In the initial state,
the paper-based actuators are in a straight state. In the
presence of magnet, the α,ε-hybrid peptide 1-stabilized
magnetic nanoparticle-coated paper tends to bend toward
the magnet. The actuator performed a bending motion toward
the magnet side. Even the actuators bend toward the magnet
when the Fe3O4 nanoparticles are on the opposite side of the
paper, though the bending curvature is less (Figure 7f). After
the removal of the external magnet, the actuator can turn back
to the initial state.
In the second case, we have shown actuation in the presence

of a mobile magnetic field to elucidate the magnetically
controllable shape-morphing mechanism. 0.3 g of peptide 2−
Fe3O4 nanoparticle suspended in methanol is coated uniformly
on one side of a square butter paper (2 cm × 2 cm). The paper
is folded and placed in a static position with the help of a clam,
and the whole system is placed into a DXCG-5004
electromagnet. When the magnetic field was 0 T, the paper
formed a rotational angle of 29° (Figure 8a). Upon actuation,
the upper panel of magneto-origami paper rotates around the
crease due to an increase in the magnetic field in the interval of
100 mT (Supplementary Movie 3), which finally leads the
folded paper to make a final rotational angle of 69° (Figure
8b). After turning off the magnetic field totally from the
system, the folded magneto origami paper does not fully revert
back to its original position but finally make a rotational angle
of 40° (Figure 8c). The change in rotational angle (α) is
plotted against variant magnetic field in Figure 8d.

Figure 8. Images showing (a) the initial position (B = 0 T) of the paper, (b) the final state (B = 400 mT) of the actuation, and (c) the rest state
after switching off the magnetic field. (d) Rotational angle (α) as a function of the applied magnetic field strength up to 400 mT.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c08092
ACS Omega 2023, 8, 8712−8721

8718

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08092/suppl_file/ao2c08092_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08092/suppl_file/ao2c08092_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08092/suppl_file/ao2c08092_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08092/suppl_file/ao2c08092_si_002.cif
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08092/suppl_file/ao2c08092_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08092/suppl_file/ao2c08092_si_004.mp4
https://pubs.acs.org/doi/10.1021/acsomega.2c08092?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08092?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08092?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08092?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


These peptide-stabilized Fe3O4 NP-based paper-based
actuators can show the actuating property in different uses of
day-to-day life. For this experiment, we have coated a raw
paper in different ways to form two different paper-based
actuators (Figure 9a and c). These two different patterns can
show actuation after the application of an external magnetic
field (B = 300 mT) using a block magnet. The arrangement in
Figure 9a, in which a paper strip is glued on an aluminum plate
at both ends and coated by peptide −Fe3O4 in the middle, can
act as a hanger (Supplementary Movie 4) (Figure 9b) under an
applied magnetic field. The arrangement in Figure 9c, in which
a small weight was placed in the middle of specially patterned
magneto origami, can uplift weight under an applied magnetic
field (Supplementary Movie 5) (Figure 9d).
The excellent performance of paper-based actuators

prototypes in various domains has been demonstrated.35

However, there are some challenges for practical use and
commercialization. There are issues with output capability,
strength, stability, and durability under hoarse condition.36

Several directions for further research and development are still
attractive and flourishing.

■ CONCLUSIONS
In conclusion, we have discussed the development of α,ε-
hybrid peptide-stabilized magnetic nanoparticles and their
application to fabricate a paper-based actuators. From single-
crystal X-ray diffraction analysis, the nitropeptide 2 has an

extended structure with a trans geometry. The one-pot in situ
multiple oxidation−reduction reaction of a synthetic nitro-
peptide solution in ammonium hydroxide and FeCl2 leads to
the formation of Fe3O4 nanoparticles. The reduction reaction
replaces the nitro group with an amine group, which finally acts
as capping agent for the stabilization of the Fe3O4 nano-
particles. Paper-based soft magneto machines with multivariant
actuation modes such as contraction−expansion, bending, and
uplifting locomotion and real-life application has been studied.
The device has potential as controllable paper-based soft
robots.
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