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Abstract

Hybrid nanoparticle (NP) structures containing organic building units such as polymers, peptides, DNA and proteins have great
potential in biosensor and electronic applications. The nearly free modification of the polymer chain, the variation of the protein
and DNA sequence and the implementation of functional moieties provide a great platform to create inorganic structures of differ-
ent morphology, resulting in different optical and magnetic properties. Nevertheless, the design and modification of a protein struc-
ture with functional groups or sequences for the assembly of biohybrid materials is not trivial. This is mainly due to the sensitivity
of its secondary, tertiary and quaternary structure to the changes in the interaction (e.g., hydrophobic, hydrophilic, electrostatic,
chemical groups) between the protein subunits and the inorganic material. Here, we use hemolysin coregulated protein 1 (Hcpl)
from Pseudomonas aeruginosa as a building and gluing unit for the formation of biohybrid structures by implementing cysteine
anchoring points at defined positions on the protein rim (Hepl cys3). We successfully apply the Hepl cys3 gluing unit for the
assembly of often linear, hybrid structures of plasmonic gold (Au NP), magnetite (Fe304 NP), and cobalt ferrite nanoparticles
(CoFeyO4 NP). Furthermore, the assembly of Au NPs into linear structures using Hepl cys3 is investigated by UV—vis spectrosco-
py, TEM and cryo-TEM. One key parameter for the formation of Au NP assembly is the specific ionic strength in the mixture. The
resulting network-like structure of Au NPs is characterized by Raman spectroscopy, showing surface-enhanced Raman scattering
(SERS) by a factor of 8-10* and a stable secondary structure of the Hepl _cys3 unit. In order to prove the catalytic performance of
the gold hybrid structures, they are used as a catalyst in the reduction reaction of 4-nitrophenol showing similar catalytic activity as
the pure Au NPs. To further extend the functionality of the Hepl cys3 gluing unit, Fe304 and CoFe,O4 NPs are aligned in a mag-
netic field and connected by utilization of cysteine-modified Hepl. After lyophilization, a fiber-like material of micrometer scale
length can be observed. The Fe;O4 Hepl cys3 fibers show superparamagnetic behavior with a decreasing blocking temperature and
an increasing remanent magnetization leading to a higher squareness value of the hysteresis curve. Thus the Hepl cys3 unit is
shown to be very versatile in the formation of new biohybrid materials with enhanced magnetic, catalytic and optical properties.

351


http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:Stefan.Schiller@FRIAS.Uni-Freiburg.de
mailto:helmut.coelfen@uni-konstanz.de
http://dx.doi.org/10.3762%2Fbjnano.7.32

Introduction

Self-assembly plays a pivotal role in bottom-up strategies for
the synthesis of advanced nanostructures [1]. The resulting
assemblies can be one-, two- or three-dimensional. One-dimen-
sional nanostructures show particularly great promise due to
their large anisotropy in shape and possible properties. How-
ever, nanoparticle (NP) assembly leading to one-dimensional
(1D) superstructures or arrays has received less attention com-
pared to their two- or three-dimensional equivalents [2]. The NP
assembly can be conducted in a template-based or template-free
way. In particular, a template-free approach is more difficult to
achieve since specific interactions in terms of chemical and
spatial interplay have to be ensured. The controlled assembly of
NPs using organic compounds such as polymers [3-7], peptides
[8,9] and DNA [10-14] demonstrate great potential in the design
of 1D NP hybrid structures with advanced properties. However,
examples for NP assembly using proteins are still limited [15-
18]. Here, we apply the hemolysin coregulated protein 1 (Hepl)
homohexameric protein from Pseudomonas aeruginosa with its
toroidal structure as a nanotechnological building block [19,20]
(protein data bank (PDB) code: 1Y12) for the fabrication of
magnetically and plasmonically active assemblies. The
cysteine-modified mutant (Hepl cys3) of the native Hepl pro-
tein is proven to be a great candidate, triggering the assembly of
CdSe quantum dots and Au NPs into 1D chains and network
structures [21,22]. Due to the genetic modification of the native
protein structure with cysteine on the top and bottom of the
ring, the resulting Hepl cys3 mutant provides specific binding
sites for different metallic NPs (Figure 1). Through these
defined interaction points, the protein is able to connect NPs in
the same size range of the protein to chain structures in a
“Lego-like” manner. Utilizing Hepl cys3 in this work, we
extend the protein-adaptor-based nano-object assembly
(PABNOA) approach to guide the formation of magnetic NPs
as a new class of inorganic nanomaterials. Furthermore, kinetic
investigation of the formation of such 1D Au NP structures and
the utilization of this structure, for example, as a SERS tem-
plate and catalyst are also of great interest. The formation
kinetics of Au NP networks triggered by Hepl_cys3 is investi-
gated using UV—vis spectroscopy, TEM and cryo-TEM. Since
the Hepl cys3 protein in the Au NP assembly is located at the
interstitial sites of the Au NPs, strong Raman signal enhance-
ment of Au NP chains formed with Hepl cys3 can be observed.
The resulting Raman spectrum indicates a stable secondary
structure of Hcpl and the Hcpl-Au NP connection via
gold-thiol binding. The Au NP network shows similar reactivi-
ty to the colloidal Au NPs as a catalyst in the reduction reaction
of 4-nitrophenol to 4-aminophenol. To explore the broad appli-
cation of our concept, Hepl cys3 is also applied to assemble
Fe304 and CoFe,O4 NPs. The reaction is conducted under an
external magnetic field. After lyophilization of the reaction
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mixture, fiber-like structures in the micrometer range are ob-
tained. The TEM investigation demonstrates networked struc-
tures of Fe304 and CoFe,O4 NPs. The magnetic measurements
reveal a superparamagnetic character for the Fe;04 Hepl cys3
material with decreasing blocking temperature.

Figure 1: A) In the top-view the toroidal, the homohexameric structure
of the Hep1_cys3 mutant of Hep1 shows a cavity with a diameter of

4 nm and an outer diameter of 9 nm. On the top of the protein ring, six
cysteine groups (yellow dots) provide the binding sites for the NPs.

B) The side-view the Hcp1_cys3 structure shows a height of 4.4 nm
and the cysteine groups (yellow dots) on the top and bottom (PDB
code: 1Y12).

Results and Discussion
Gold nanoparticle assembly

The Au NPs used in the following experiments have a mean di-
ameter of 10.7 + 2.0 nm as obtained from TEM (Figure S1,
Supporting Information File 1). All samples were prepared
using the same protocol as described in the Experimental
section. First, we investigated the influence of ionic strength on
the assembly process of Au NPs. In Figure 2, the UV—vis spec-
tra of a Au NP solution with 2 equiv Hepl cys3 at different
ionic strengths are shown. At low ionic strength (0—6 mmol/L)
the surface plasmon resonance peak of Au NP at 520 nm shifts
very slightly to 522 nm (Figure 2A,B), which indicates the pro-
tein binding to Au NP [23]. This observation is consistent with
previously published results [22] which report on M2F03-anti-
body-functionalized Au NPs. In solution, these exhibit an in-
creasing antigen concentration with a maximal shift of 3 nm of
the SPR peak [23]. As the ionic strength is increased to 12 mM,
two peaks at 520 nm and 645 nm can be observed (Figure 2C).
The first peak is related to the transversal resonance and the
second peak to the longitudinal resonance, predominantly ob-
served in linear gold nanostructures such as nanorods [24] and
chains of gold spheres [25]. It is remarkable that the longitu-
dinal resonance peak is only observed for the Au NP sample
with 2 equiv Hepl cys3 and not for the citrate-stabilized initial
Au NPs. This shows that the formation of the larger linear
assemblies only takes place for the Hepl cys3-functionalized
NPs, where the citrate-stabilized Au NPs remain stable as evi-

denced by their unchanged surface plasmon resonance at
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Figure 2: A) UV-vis spectra of Au NPs containing 2 equiv Hcp1_cys3 with 0 and 6 mM NaCl concentration. B) Details of the UV-vis spectra in A).
C) UV-vis spectra of Au NP mixture containing 12 mM NaCl with and without 2 equiv Hcp1_cys3.

520 nm. When the NaCl concentration exceeded 12 mM, a
prompt color change to blue followed by precipitation of a blue
solid was observed (data not shown here). Hence, 12 mM
seemed to be the ideal ionic strength to trigger the assembly of
Au NPs.

For the kinetic investigation of the Au NP assembly, UV-vis
spectra were recorded for 24 h at a time interval of 30 min. At
the same time, samples were also taken for TEM measurements.
In the overview spectra (Figure 3A) a red shift of the trans-
versal 520 nm plasmon resonance peak to 530 nm is observed
with time and the appearance of a second longitudinal peak first
around 617 nm then shifting to 650 nm at the end of the reac-
tion. This peak position around 650 nm stays constant after
18 h. In Figure 3B, UV—vis spectra with the most distinguished
optical change at different times are shown. The TEM images
of the corresponding spectra in Figure 3C indicate the forma-
tion of a Au network starting with the formation of short and
long chains containing 3—10 Au NPs. These chains form a
network structure of increasing size as the reaction proceeds. In
comparison to the TEM images, the UV—vis spectra clearly in-
dicate the formation of linear architectures of Au NPs. This is

shown in Figure 3B where the UV—vis spectra for four samples

are shown, which were investigated at different experimental
times. The shift of the longitudinal plasmon resonance peak
with time is obvious, indicating the increasing length of linear
Au NP chain structures. In addition, the ratio between the longi-
tudinal and transversal surface plasmon resonance peaks
becomes larger with time, further indicating the increasing elon-
gation of the NPs assembly structures. The decrease in the ab-
sorbance between 17 h and 22 h is due to the slight precipita-
tion of large Au Hepl cys3 structures.

For better visualization of the different Au NP architectures, a
cryo-TEM investigation was conducted for 3 samples at 7.5 h,
17 h and 22 h, as shown in Figure 4. The formation kinetics ob-
served by UV-vis and cryo-TEM correspond very well,
showing short chains of Au NPs with a second peak around
617 nm. As the longitudinal peak shifts to 632 nm, longer
chains of 500 nm length with the branching behavior can be ob-
served. At the end, an open network of Au NPs on the
microscale exhibits a broad second peak at 650 nm.

By measuring the distance between the Au NPs in the TEM

image, as illustrated in Figure 5, an interparticle distance of
2.8 + 0.6 nm was found (Figure S2, Supporting Information
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Figure 3: A) Overview of time-resolved UV-vis spectra during the self-assembly reaction of the Hcp1_cys3-functionalized Au NPs at 12 mM ionic
strength over 24 h. Every 30 min a UV-vis spectrum was taken. B,C) Single UV-vis spectra at different times and the corresponding TEM images in-
dicate the assembly Au NPs of different morphology, from short chains to an open network.

File 1), which in the first approximation fits to the calculated
distance of 3.62 nm (Equation S1, Supporting Information
File 1). The discrepancy between the measured and theoretical
values originate from a) the drying effect during sample prepa-
ration, which can cause shrinking of the organic material (pro-
tein) and b) the nonideal spherical shape of our Au NPs, which
allows the penetration of the NP into the protein cavity, leading
to a decrease of the interparticle distance.

As the TEM distance measurements only indirectly support the
assumption that Hepl cys3 is located between the Au NPs in
this network architecture, further evidence must be obtained.
Therefore, Raman spectroscopy was performed. If Hepl cys3
is located in between two adjacent Au NPs, as indicated by our
TEM investigations, surface-enhanced Raman scattering
(SERS) should be observed due to the amplification of the elec-
tromagnetic field in this so-called “hot spot” [26]. In Figure 6,
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Figure 4: Cryo-TEM results by taking samples during the self-assembly reaction of the Hcp1_cys3-functionalized Au NPs at 12 mM ionic strength.

The observed architectures are related to the UV-vis spectra.

Figure 5: The interparticle distance of Au NPs was determined by
calculation and by measuring the distances between the Au NPs in the
network structure in a TEM image, resulting in theoretical and experi-
mental values of 3.62 nm and 2.8 + 0.6 nm, respectively.

the Raman spectra of the pure Hepl cys3 Au NP sample with
2 equiv Hepl cys3 in 6 mM NaCl from Figure 2A and the Au
Hcpl cys3 network from Figure 3 and Figure 4 are shown.
These samples represent 3 cases: a) pure/bare Hepl_cys3 pro-
tein, b) Hepl _cys3 adsorbed on the Au NP surface and
c) Hepl cys3 located in the hot spot. The Raman intensity
accompanied by the resolution increases from the pure protein
to protein adsorbed on Au NP and reaches its maximum in the
networked sample. The enhancement by factors of 8-10% for the
bands at 1210 and 1590 cm™! is significant and proves the
prediction of signal enhancement in the Au NP hot spot and the
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signal of Hcp1 increased since the protein is located in the hot spot of
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interstitial position of Hepl cys3 between two Au NPs in the
Au NP network. The magnitude of the signal enhancement ob-
served here is similar to the enhancement of 103 reported for
BSA protein on gold nanocylinders [27]. The identification of
the Raman bands in the Au NP network spectra reveals further
interesting information. The typical amide I, II, III bands for
protein can be identified. The Raman band at 1590 cm™ of the
C=0 stretching mode can be assigned the amide I band for a
B-sheet structure [28]. The amide II, related to N—H bending
(which is normally very weak in Raman spectra), occurs due to
resonant excitation of Au NPs at 1535 cm™!. This position of
the amide II band is typical for parallel B-sheet structures [28].
The amide III related to N-H bending and C—N stretching is
split in two bands at 1281 cm™! and 1210 cm™!, which is related
to a-helix and B-sheet structures [29]. Here, the B-sheet band
also has a higher intensity than the a-helix band. Since each
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monomeric unit of the Hep hexamer contains 10 B-sheet and
1 a-helix structures [19], the dominance of the B-sheet structure
in the amide I, II and III bands exhibits a stable secondary struc-
ture of the Hep protein on the Au NP surface. This further
demonstrates the stability of the entire protein structure after
binding to the Au NP, since it is well known that the adsorption
of proteins on a NP surface can disturb this structure [30].
Furthermore, the C—COO™ and C-H stretching bands of
cysteine appear at 955 cm™! [31,32] and 1105 cm™! [33]. The
strong S—H band of cysteine around 2600 cm ™! is missing due
to the direct binding of the sulfur atom to the NP surface [32].
Based on the Raman investigation, it can be concluded that
Hepl cys3 is located in between two Au NPs, leading to a
signal enhancement of the protein. The secondary protein struc-
ture remains intact on the NPs surface and the protein—Au
binding takes place via the sulfur in the integrated cysteine
group.

In order to demonstrate a first application of such protein-based
hybrid structures, we use our Au NP network as a catalyst in the
reduction reaction of 4-nitrophenol. The reduction of 4-nitro-
phenol to 4-aminophenol is a standard reaction to evaluate the
catalytic reactivity of NPs [34]. The evaluation is based on the
time-dependent absorbance decrease of the 4-nitrophenol cation
at 400 nm. The absorbance change at 400 nm (In 7//j at 400 nm,
where [ is the absorbance at = 0 s) was linearly fitted to
obtain the reactivity constant, k. In Figure 7 the UV—vis spectra
of the 4-nitrophenol solution during the catalytic reaction and
the absorbance change at 400 nm are shown. The Au network
shows a smaller k value of (2.23 + 0.51) x 1072 s™! than the Au
NPs of (3.24 + 0.81) x 1073 s71. This could be due to the occu-
pation of Au NP surface by the proteins, leading to a decreased
reactive surface and reduction rate. Nevertheless, this £ value is
in the range of Au NPs of similar size [35]. Taking advantage of
the larger size, this catalyst can be easily recycled by centrifuga-
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Figure 7: A) UV-vis spectra of a 4-nitrophenol solution at different reaction times after the addition of the catalyst showing decreased absorbance.
B) The time-dependent absorbance change at 400 nm in a mixture with pure Au NPs and the Au network as catalyst.
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tion or even by filtration compared to the pure Au NPs. This
makes the hybrid structure more attractive as a catalyst with
comparable reactivity.

Magnetic nanoparticle assembly

In this work, the concept of NP network formation using
Hcepl cys3 as a connecting unit is extended to magnetite NPs
(Fe30O4 NPs) and cobalt ferrite NPs (CoFe,O4 NPs). The syn-
thesis of magnetite NPs with a size of about 8 nm and the ligand
exchange followed the protocol of Cabrera et al. [36], with
results as shown in the TEM images of Figure S4, Supporting
Information File 1. The water-dispersible, mercaptosuccinic
acid stabilized Fe3O4 NP solution was aligned in an external
magnetic field parallel to the sample. After the protein addition,
Hcepl_cys3 interconnected the NPs, which results in a fibrous
bio-hybrid structure. In Figure 8, SEM with EDX analysis and
the TEM images of the resulting hybrid material are shown.
Fiber-like structures with lengths of 30-100 um and widths of
1-0.5 pm can be observed (Figure 8A). The EDX analysis
reveals the homogenous distribution of the Fe content in these
fibers (Figure 8B). The reference sample (with only Fe304 NPs)
prepared by the same protocol show spherical aggregates of
10-20 pum in diameter (data not shown here). A control sample
was prepared by mixing Fe3;O4 NP and Hepl_cys3 solutions at
12 mM ionic strength, similar to the Au network sample. In this
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case, NP aggregation without any orientation can be observed in
TEM images (Figure S5, Supporting Information File 1). These
results indicate that the prealignment of Fe3;O4 NPs in an
external magnetic field is essential for the linear arrangement of
the NPs chain formation. On the other hand, TEM investiga-
tions of the hybrid material show a network of magnetite NPs
arranged in linear chains (Figure 8C,D). In contrast to the Au
NPs, which give a higher TEM contrast, no clear NP separation
could be observed between the individual NPs. However, the
interparticle distance of the Fe304 NPs in the high resolution
TEM (HRTEM) image in Figure S6, Supporting Information
File 1 and by calculation following Equation S1, Supporting
Information File 1, reveals a value of 1.5 £ 0.5 nm and 3.32 nm.
The reason for the large discrepancy compared to the calcu-
lated value can be caused by the smaller size of the Fe304 NPs,
leading to higher penetration depth into the protein cavity. Ad-
ditionally, artefacts, such as drying effects during the TEM
sample preparation, can also decrease the interparticle distance.

In order to evaluate the orientational relationship between the
iron oxide NPs within the assembled fiber-like structure,
HRTEM images were recorded with a large field of view.
Figure 9A illustrates one of the HRTEM images (“snapshot”)
which was used to determine the orientation of magnetite along
the 1D chain by evaluation of fast Fourier transforms (FFT) of

Figure 8: A) and B) SEM image and EDX analysis of Fe304 Hcp1_cys3 fiber-like structure after lyophilization. C) and D) TEM images show a network

of magnetite NPs, which are arranged in linear chains.
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Figure 9: A) Overview HRTEM image of magnetite NPs in the Fe3O4 Hcp1_cys3 fiber. B) HRTEM image from (A) overlaid with the orientation map of
magnetite nanocrystals derived from the analyses of the FFTs of HRTEM images of individual particles. The FFT retrieved from the whole chain is

shown in the inset and is overlaid with the diffraction pattern of magnetite.

individual NPs. Since the synthetic magnetite NPs are quite
inhomogeneous in morphology, for illustrational purposes (to
visualize the orientation along the chain), the shape of the NPs
was approximated as thombicuboctahedra. This is a common
shape for this crystalline material (the sets of <100>, <111> and
<110> facets are colored in pink, yellow and purple, respective-
ly). The FFT retrieved from the whole chain (inset in
Figure 9B) illustrates the preferable orientation of NPs (charac-
terized by spot and arc-like reflections at the diffractogram). In
Figure 9B the orientation map of magnetite NPs derived from
the high-resolution micrograph is displayed. The FFT analysis
revealed that the particles are viewed from [233], [334], [013],
[125], [116] zone axes. In this case, the orientational mismatch
between the neighboring NPs (along the viewing direction) vary
from 9° to 35°. Furthermore, these orientations are very close to
the main zone axis [111] (in case of [233], [334] the orienta-
tional mismatches are 10° and 8°) and [001] (in case of [013],
[125], [116], the orientational mismatches vary from 13° to
24°). This indicates that during the aggregation and lyophiliza-
tion processes, magnetite NPs (stabilized by protein molecules)
have a tendency to adjust to a preferable crystallographic orien-
tation perpendicular to the fiber elongation.

Finally, magnetic measurements of the hybrid material were
conducted. In Figure 10A, results of a superconducting quan-
tum interference device (SQUID) measurement show that the
hybrid material is superparamagnetic at room temperature with
saturation magnetization (Mg) of 12.81 emu/g, which is similar
to the blank NPs of 13.21 emu/g. The hybrid material demon-

strates at 2 K a similar hysteresis curve to the Fe304 NP with
Mg of 13.69 emu/g and remanent magnetization (MR) of
2.64 emu/g, but with a higher squareness value (Mgr/Mg ratio)
of 0.2 (Figure 10B). The Fe3O4 NPs have a squareness value of
0.15. Since a theoretical squareness value for a uniaxial system
of magnetite bulk material is 0.5, our values are in general
smaller due to the frustration of the magnetic moment at the NP
surface [37]. But obviously the NP assembly can reduce this
frustration leading to a higher My/Mg ratio. The coercive field
(Hc) also stays unchanged for both samples at 100 Oe. The
blocking temperature, 73, (the maximum in the zero-field cool-
ing (ZFC) curve), decreases from 94 K to 78 K as the hybrid
structure is formed (Figure 10C). Hiroi et al. found that decreas-
ing Ty, for y-Fe,O3 NPs cores with increasing SiO; shell thick-
ness leads to increasing interparticle distance [38]. In our case,
the increase of interparticle distance supports the theory that the
Hepl cys3 is located between the NPs, as is visible in the
HRTEM image (Figure S6, Supporting Information File 1 and
Figure 5). The field-cooling (FC) curves exhibit a slight steeper
slope in the hybrid material (Figure 10D). However, the overall
trend in the FC curves for both samples is similar. The effec-
tive magnetic anisotropy constant (K.¢) can be calculated using
following expression: Kq¢r = (25-kg'Ty)/V [39], where kg is the
Boltzmann constant and /' the volume of the NPs. The obtained
value is 8.59-10% erg/cm? for Fe304 NP and 7.05-10° erg/cm?
for Fe304 NP Hepl cys3 fibers. These values are considerably
larger than the reported value for Fe3O4 bulk material
(1:10° erg/em?) [39]. The higher value is due to the broken
symmetry at the surface or interface of the NPs, which can en-
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Figure 10: A) and B) Hysteresis curves at 300 K and 2 K, respectively. C) ZFC curves of the fibers and pure NPs, which show a decrease of Ty,
D) FC curves indicate an increasing slope. Black line: Fe3O4 Hep1_cys3 fibers, red line: Fe304 NPs as reference.

hance the surface anisotropy and cause the increased effective
values of K [40]. The fiber-like hybrid material shows K¢ close
to the bulk material value, which indicates the stabilization of
the surface spin compared to the blank Fe;04 NPs.

A third NP system demonstrates that our concept of the utiliza-
tion of Hepl cys3 as a gluing unit between the NPs to fabricate
a linear structure is universal. We synthesized cobalt ferrite NPs
(CoFey04 NPs) following the protocol of Cabrebra [36] and
exchanged the oleic acid ligand to phosphonoacetic acid by the

protocol of Lees [41] to disperse the NPs in water. The phos-
phonoacetic acid stabilized CoFe,O4 NPs have a mean diame-
ter of 5.5 nm as determined by TEM (Figure S7, Supporting
Information File 1). Following the same protocol as described
for the Fe304 Hepl _cys3 sample preparation, we prealigned the
CoFe;04 NPs in a magnetic field and added Hepl_cys3 as a
gluing unit to the mixture. After the lyophilization, a linear
arrangement of the NPs into chains and fiber-like structures on
the microscale scale in length were observed in the TEM and
SEM images shown in Figure 11A,B. Similar to the Fe;04 NP

Figure 11: A) TEM and B) SEM images of CoFe;O4 Hep1_cys3 sample after lyophilization. Chains of NPs and fiber-like structures on the microme-

ter length scale for the hybrid fibers can be seen.
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assemblies, an interparticle distance of 0.8 + 0.3 nm was deter-
mined from the HRTEM image (Figure S8, Supporting Infor-
mation File 1), which is less than the calculated distance value
of 2.67 nm. This result indicates, as already assumed for the
Fe304 Hepl cys3 structure, a quite high indulgence of the
Hepl ring structure. This results in a greater penetration depth
of the NP into the protein cavity, leading to a smaller interpar-
ticle distance.

Conclusion

In this study, we used the toroidal protein Hecpl cys3 as a pro-
tein adaptor to glue NPs in a “Lego-like” manner into linear
chains, resulting in three protein-based NP hybrid structures on
the meso- and micro-scale. The Au NP Hepl cys3 assemblies
show the formation of short chains in the nanometer range
which grow to longer branched chains in UV—vis spectroscopy
and TEM/cryo-TEM kinetic investigations. Finally, a network
structure of Au NPs is formed on the mesoscale. The branches
are evident since it can be assumed that the Hepl ring statisti-
cally adsorbs on Au NPs and even when an equivalent number
of protein molecules and NPs are used. A statistical adsorption
of two proteins on one NP is possible, leading to branched
networks. As a control experiment, an Au NP sample with only
0.6 equiv Hepl cys3 was prepared and shows short chains with
2—-10 Au NPs and also free Au NPs (Figure S9, Supporting
Information File 1). Similar statistical protein adsorption on one
NP is also observed for the Fe304 Hepl cys3 fiber, leading to
the formation a protein layer on the side of the Fe;04 NPs in the
nanoparticle chains (Figure S10, Supporting Information
File 1). By means of the location of Hcpl cys3 in the Au NP
architecture, we revealed a stable secondary protein structure on
the Au NP surface and confirmed the binding site of protein to
Au on the sulfur atom of the cysteine. Furthermore, the Au
network shows similar catalytic reactivity as the blank Au NP,
which makes it more attractive owing to the easier recycling
condition of the catalyst. This protein gluing unit approach was
then extended to assemble Fe304 NPs and CoFe,O4 NPs. The
network structure of NPs on the mesoscale and fiber-like hybrid
material on the micrometer scale were synthesized by prealign-
ment of NPs in an external magnetic field and utilization of
added Hepl as the connecting unit. The HRTEM investigation
shows a preferable crystallographic orientation of magnetite
NPs in the fiber-like structure. The results of the magnetic mea-
surements exhibit similar My and Mg values at room tempera-
ture and low temperature for the hybrid material and NPs. The
hybrid materials reveal a lower blocking temperature than the
blank NPs due to protein incorporation between the NPs,
leading to an enhancement of the magnetic spin in system.

In conclusion, we could utilize the cysteine-modified toroid

protein Hepl cys3 as an effective glue to form linear chains of
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NPs to extend the previously reported CdSe quantum dot/Au
NP systems [21,22]. Generally, we can state two major require-
ments for the protein adaptor approach binding NPs via the
sulfur of the cysteine:

1. The NPs need to be able to covalently bind to thiols like
Au or at least very strongly attach to thiols via physical
forces.

2. The size of the NPs is limited to 4 nm on the lower end
(Figure S3, Supporting Information File 1) and to 40 nm
on the upper end [22].

If these requirements are fulfilled, Hcpl cys3 can be applied to
several systems as demonstrated for Au-, Fe304 and CoFe,0O4
NPs and is therefore a variable molecule for the assembly of
larger NP structures. However, larger hybrid structures on the
micrometer scale can be obtained with recognizable order only
when the NPs are prealigned by external magnetic forces as was
shown for the Fe304 and CoFe,Oy4. The NPs in the hybrid struc-
tures show a preferable crystallographic orientation on the
nanometer scale. The fiber formation can enhance the stability
of the magnetic spin in the Fe3O4 NPs. In all other cases,
Hcpl cys3 acts as a glue and leads to self-assembly of the NPs
into linear structures of limited length. This occurs until
branches are formed by the statistical adsorption of two protein
rings on one NP, forming a branch. Therefore, only short linear
chains are feasible by this approach using understoichiometric
Hepl cys3 concentrations and all larger structures contain
branches. Nevertheless, the physical properties of these struc-
tures and the surface plasmon resonance still correspond to that
of a linear structure and network structure. Therefore, assembly
of NPs with defined interparticle distances using the toroidal
cysteine-modified protein Hepl_cys3 as a gluing unit is a prom-
ising approach towards different metallic NP chains and to
explore their physical properties.

Experimental

The Au NP, magnetite and the cobalt ferrite NPs were synthe-
sized by the reported protocols of Slot [42] and Cabrera [36],
respectively. All NPs systems were dispersible in water. The
ligand exchange for CoFe,O4 NP was conducted by the modi-
fied protocol of Lees [41]. In the modified protocol, the precipi-
tation with hexane/ethanol was replaced by centrifugation of the
solution at 40000 rpm. The supernatant was discarded and pre-
cipitate was collected and redispersed in MeOH. The procedure
was repeated three times. The solid was dried in a vacuum oven
and could be easily dispersed in water. The storage buffer
(50 mM Tris, 500 mM NaCl, 150 mM imidazol, 10% glycerol)
of proteins (supplied by the Schreiber group) was removed with
PD Spin Trap G-25 from GE Healthcare. The proteins were dis-
solved in water with 100 mM NacCl.

360



Au NP Hcp1_cys3 network

The Au NPs were used directly after synthesis. The NP concen-
tration was determined by measuring the absorbance of the
plasmon peak at 520 nm by using the extinction coefficient of
Au NPs with a diameter of 10.7 nm [43]. The Au network was
prepared by adding the protein solution (the protein equivalent
based on Au NP concentration) to the Au NP solution and
incubating for 10 min, followed by fast mixing. The NaCl con-
centration in the Au NP mixture was adjusted to be
12 mM. For the kinetic investigation, UV—vis spectra
were recorded at time intervals of 30 min over 24 h. The solu-
tion was directly employed for Raman spectroscopy and the cat-
alytic reactions. For the catalytic reaction of 4-nitrophenol
(NPA), a mixture of 3.3:107> M NPA, 166107 M sodium
borohydride was prepared. The mixture was placed in the
UV-vis spectrometer. Au NPs or the Au network solution was
added to the mixture with the end Au NP concentration of
1.8 nM. The solution was stirred during the entire measurement.
The intensity at 400 nm was detected in time intervals of 5 s
over 30 min.

Fe304 Hcp1_cys3 network

An Fe304 NP solution with a concentration of 0.3 uM (based on
the mass concentration of 0.5 mg/mL, diameter of 8 nm and
density of magnetite bulk material of 5.2 g/cm?) was placed in a
magnetic field of 0.5 T, which is parallel to the sample. The
solution was incubated in the field for 1 h. Two equivalents
Hcepl cys3 based on the NP concentration were slowly added to
the solution. The mixture was incubated overnight at room tem-
perature. After 18 h, a carbon-covered TEM grid was added to
the mixture to collect the species in the mixture for TEM and
HRTEM. Finally, the solution with a TEM grid was frozen in
liquid nitrogen for 10 min in the magnetic field. The frozen
sample was removed and lyophilized under 0.01 mbar vacuum
over 2 days. The reference sample was prepared following the
same protocol without protein addition. A control sample
was prepared by the same protocol as described for the Au
Hepl cys3 network sample.

CoFes04 Hep1_cys3 network

A CoFeyO4 NP solution with a concentration of 2.9 uM (based
on the mass concentration of 1.0 mg/mL, diameter of 5.5 nm
and bulk density of of 5.3 g/cm3) was placed in a magnetic field
of 0.5 T, which was parallel to the sample. The solution was in-
cubated in the field for 1 h. Two equivalents Hepl cys3 based
on NP the concentration were slowly added to the solution. The
mixture was incubated overnight at room temperature. After
18 h, a carbon-covered TEM grid was added to the mixture to
collect the species in the mixture for TEM and HRTEM.
Finally, the solution with a TEM grid was frozen in liquid
nitrogen for 10 min in the magnetic field. The frozen sample
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was removed and lyophilized under 0.01 mbar vacuum over
2 days.

Methods

The absorption spectra were recorded on a UV—vis Cary 50
Probe spectrometer from Varian. The protein concentration was
calculated by measuring the absorbance at 280 nm with a
NanoDrop®ND-1000 from PEQLAB and using an extinction
coefficient of 24,200 M~ 'cm™!. TEM and cryo-TEM images
were collected using a Zeiss Libral20 TEM operated at
120 keV and a Zeiss EM922 Omega operating at 200 keV. For
Au NP samples, a volume of 10 pL was transferred onto a
glow-discharged carbon-coated copper grid. After 10 min, the
drop was removed by filter paper. The Raman spectra were
collected with a Perkin-Elmer Raman Station 100 by measuring
the Au network in a quartz cuvette with a resolution of 2 cm™!.
For the magnetite samples, a high frequency setup of magnetic
field of £0.5 T was employed. The SEM images and EDX
analyses were performed utilizing a Hitachi TM 3000 micro-
scope. HRTEM images were collected using a JEOL JEM-
2200FS microscope at 200 keV. The analysis of the HRTEM
images were realized by means of the Digital Micrograph
(Gatan, USA) and JEMS (version: 3.5930U2010) software. Vi-
sualization of the magnetite crystal models was performed with
the VESTA 3 software. The magnetic measurement was accom-
plished with a SQUID magnetometer, type MPMS XLS5 from
Quantum Design. The magnetization (M) was recorded at 300 K
and 2 K between 50000 and —50000 Oe. Zero-field-cooled
(ZFC) measurements were carried out by cooling the sample
from room temperature to 2 K in zero magnetic field, then a
static magnetic field of 10 mT was applied. Mzpc was measured
during warming up from 2 to 300 K. The field-cooled measure-
ment was carried out by applying a magnetic field of 10 mT,
and the Mgc was recorded during the subsequent cooling to
2 K.

Supporting Information

Supporting Information File 1

Nanoparticle references and interparticle distance.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-7-32-S1.pdf]
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