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Bacteriophages  are  nano-sized  virion  particles  infecting  bacteria.  In  this  study,  it is shown  that  metal
binding  properties  of  filamentous  fd-bacteriophages  can  be  enhanced  by genetic  engineering.  Quartz
crystal  microbalance  (QCM)  analyses,  UV–vis  absorption  spectra  measurements  and  scanning  electron
microscopy  (SEM)  imaging  revealed  that  expression  of MMM  short  amino  acid sequence  on  major  coat
protein  p8  facilitates  recombinant  MMM-phage  binding  to  Au  surfaces  and  nanoparticles  (NPs)  via
eywords:
acteriophage
enetic engineering
old
anoparticle
etallization

EM

gold–sulfur  (Au S)  interaction.  Electroless  deposition  of Au  particles  on  phage  assemblies  was inves-
tigated  upon  chemical  reduction  reaction  with  NaBH4 at different  HAuCl4 precursor  concentrations.
Energy  dispersive  X-ray  spectroscopy  (EDX)  measurements  confirmed  the presence  of Au on  both  AuNP
decorated  and  chemically  metallized  phage  structures.  Further  studies  on  patterning  and  controlled
immobilization  of recombinant  bacteriophages  on  specific  surfaces  may  contribute  to  bio-templated
nanowire  development  field  and  biosensor  application  studies.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Bottom-up manufacturing is an advantageous method in order
o obtain nano-sized electronic device components in a simpler
nd more economical manner [1]. Top-down manufacturing, on the
ther hand, can bring some device integration and configuration
roblems [2,3]. Various bionano-structures such as DNA [4], virus
articles [5] and bacterial surface layer proteins (S-layers) [6] have
een used as building blocks for bottom-up production technology.
or example, nucleic acid filaments were chemically modified and
pplied in nanoelectronics [7], catalytic research [8] and biosensor
evelopment [9] studies. Due to the ease of amplification, isolation
nd genetic modification of bacteriophages, different members of
lamentous phages have been applied in inorganic bio-templating
tudies [10].

The filamentous fd-phage (∼1–2 �m long, ∼6 nm thick) consists
f coat proteins surrounding a circular single stranded DNA (ssDNA)
11]. Major coat protein p8 (∼2700–3000 copies) line up along the
sDNA [12]. Minor coat proteins p3 and p6 (5 copies) are found at
ne end and p7 and p9 (3–5 copies) are located at the other end
f phage filament [13]. The best known application field of bacte-

iophages is phage display technology. With this method, one can
dentify short specific peptide sequences binding to surfaces [14],
roteins [15] and even to human cells [16]. Recently, Lee et al. have

∗ Tel.: +49 681 9382 252; fax: +49 681 9382 240.
E-mail addresses: n.korkmaz@kist-europe.de, nuriye korkmaz@yahoo.com

927-7765/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.colsurfb.2013.07.063
developed high-power lithium ion battery electrodes by genetically
modifying bacteriophage coat proteins to specifically bind SWNTs
and FePO4 [17].

Gold is a precious noble metal which has been utilized in
everyday’s life and in science since centuries. Colloidal gold
nanoparticles (AuNPs) were first used in 4–5th centuries B.C.
in ancient Egypt and China [18]. AuNPs are used in bioimag-
ing [19], cancer therapy [20] and in electronic device fabrication
[21] studies. As an anti-cancer agent, AuNPs can be functional-
ized with specific antibodies targeting specific cancer cells [20].
EDC/NHS (N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide/N-
hydroxysuccinimide) chemistry is widely applied to induce the
formation of covalent bonding between Au surfaces and side chain
amino acids of peptides [22]. Thiol groups (R-SH) have the highest
binding affinity to Au surfaces (∼200 kJ/mol) [23]. Therefore thiol
modified oligonucleotides are used to be coupled with either AuNPs
or Au surfaces via Au S linkage for applications such as nanostruc-
ture fabrication, biosensor or drug delivery studies [24]. Similarly,
amino acids “cysteine (Cys-C) and methionine (Met-M)” carrying
sulfur (S) containing functional groups can be linked with AuNPs.
Honda et al. [25] have reported on Au S bond formation in mono-
layered l-cysteine on Au surfaces. Kim et al. [26] have genetically
modified the immunoglobulin Fc-binding B-domain of protein G to
express two  Cys residues at its C-terminus. Recombinant G protein

retained its IgG binding activity and provided strong Au surface
binding ability due to Au S linkage. Souza et al. [43] have recently
investigated the coupling of AuNPs with wild type fd-phages via
electrostatic interactions for cell targeting applications. Authors

dx.doi.org/10.1016/j.colsurfb.2013.07.063
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2013.07.063&domain=pdf
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emonstrated that fd-phage molecules can bind AuNPs and form a
etwork structure at pH values below pI of the major coat protein
8.

In this study, wild type fd- and genetically modified MMM-
hages are investigated in terms of their gold binding affinities.
old binding potential of engineered and wild-type phages were
ompared here by means of Quartz crystal microbalance (QCM),
V–vis absorption spectroscopy, scanning electron microscopy

SEM) and energy dispersive X-ray spectroscopy (EDX) analyses.
DX analyses showed that phage assemblies were coated with
ither AuNPs or reduced Au clusters after metallization experi-
ents conducted with different concentrations of AuNPs or HAuCl4

recursor solutions. Enhancing material binding property of engi-
eered phage molecules may  be a promising tool for bottom-up
onfiguration of nanoelectronic device compartments.

. Materials and methods

.1. Cloning and phage amplification

E. coli MC1061 (New England Biolabs) and E. coli K91BluKan
K91BK) cells were applied for plasmid and phage amplification. E.
oli K91BK cells and fd-tet vector were kindly provided by Prof. Dr.
eorg P Smith (University of Missouri, USA). MMM  short amino acid
equence was displayed on the N-terminus of the major coat pro-
ein p8 as discussed previously [27]. For phage amplification, E. coli
91BK cells were first transformed with fd and p8MMM vectors
y electroporation. LB agar plates supplemented with tetracycline
Roth) and kanamycin (Roth) were utilized for positive colony
election. Phage purification was carried out by PEG/NaCl precip-
tation method as described before [28]. Phage concentration in
erms of colony forming units per milliliter (cfu/ml) was measured
y phage tittering. E. coli K91BK cells were infected with differ-
nt dilutions of purified phages at 37 ◦C for 30 min  and overnight
rown colonies on LB agar plates supplemented with tetracycline
nd kanamycin were counted per ml.  Final phage suspensions were
ialyzed against 1× PBS at 4 ◦C overnight and stored in the fridge.

.2. Binding measurements

Phage binding onto the gold surface was first analyzed by QCM
easurements performed with Qsense E1, Sweden, according to
anufacturer’s instructions. Gold coated quartz crystals were pur-

hased from Qsense. After the sensor was mounted in the probe
rm of the instrument, washing steps with MilliQ water and 1×
BS (filter sterilized) were performed until the frequency signal
ecame steady. 1 ml  fd- or MMM-phages (1010 cfu/ml in 1× PBS)
ere injected at a flow rate of 15 �l/min and the sensor was  rinsed
ith MilliQ at the same flow rate. In order to investigate the effect

f pH on Au binding affinity of phages on Au coated quartz sen-
ors, 300 �l of phages (109 cfu/ml) in 1× PBS buffer at pH 5, 7 and 9
as injected to the system and the sensors were washed with the

ame buffer at the same flow rate. Frequency change was measured
or 5 different overtone resonance frequencies (15, 25, 35, 45, 54
nd 64 MHz) at room temperature. Data were analyzed by QTools
oftware program and experiments were repeated 3–4 times.

AuNP binding on bacteriophages was then analyzed by elec-
ron microscopy and UV–vis spectroscopy measurements. Citrate
tabilized AuNPs were purchased from Sigma (∼20 nm diameter,
7.2 × 1011 particles/ml). Different volumetric dilutions (DF1 = 1:1,
F2 = 1:3 and DF3 = 1:10 [AuNP:PBS]) of AuNPs were prepared in

00 �l of 1× PBS and mixed with fd- and MMM-phages at a final
oncentration of 1010 cfu/ml. Samples were incubated at room tem-
erature (RT) for 2 h on a rolling drum (7 rpm) and 70 �l of each was
nalyzed by UV–vis spectroscopy. For investigating the influence of
ointerfaces 112 (2013) 219– 228

pH on AuNP binding, citrate stabilized AuNPs were diluted in 1×
PBS (pH 5, 7 and 9) at a 1:10 ratio and mixed with phages at a
final concentration of 109 cfu/ml. Experiments were performed in
triplicates.

2.3. Metallization

100 �l of fd- and MMM-phage solutions (1010 cfu/ml) were pre-
pared in 3 mM,  30 mM and 60 mM HAuCl4·3H2O (Sigma). Phage
samples were first incubated at RT for 2 h on a rolling drum (7 rpm)
in order to initiate the Au3+ binding on phage filaments. After 2 h
of incubation, samples were prepared for SEM imaging before the
reduction. Chemical reduction reaction was performed with NaBH4
(Sigma) at a final concentration of 15 mM and SEM samples were
prepared as described below.

2.4. Microscopy

SEM imaging was  conducted with an FEI Quanta 250 FEG scan-
ning electron microscope at either 5 or 30 kV in high vacuum.
EDAXTM Team EDX system was  applied for the elemental charac-
terization of phage assemblies. Industrial scale standard Si wafers
with a native oxide layer was  used for microscopy sample prepara-
tion. SiO2 wafers were cleaned by sonication for 15 min in acetone,
ethanol and finally in sterile MilliQ water. 10–20 �l was  dropped
on a piece of cleaned wafer. After 15–25 min, excess solution was
removed with tissue paper, and 10–20 �l of sterile MilliQ water was
dropped. After 5–10 min, the excess was removed and the wafers
were blow-dried by nitrogen gas.

3. Results and discussion

3.1. Phage–Au surface binding

Introducing thiol groups to noble metal surfaces is a well-known
method to induce metal-peptide conjugation [23]. Recently, our
research group has generated a genetically engineered fd-phage
construct carrying an MMM  short amino acid sequence bearing
three sulfur residues at N-terminal region of major coat protein
p8 subunits (Fig. 1a). MMM-phages were shown to be conjugated
with the enzyme glucose oxidase and applied as a biosensor [27].
Here, binding affinity of MMM-phages to Au surfaces and AuNPs
is studied (Fig. 1b). Au S bonding is commonly utilized in vari-
ous application fields ranging from electronics to biosensor studies
[29]. Thiolated oligonucleotide molecules are used for covalent
binding to Au surfaces or NPs [24]. Recently, Kim et al. [26] have
expressed two  Cys residues at C-terminus of immunoglobulin Fc-
binding B-domain of protein G. Recombinant G protein preserved
its IgG binding activity and provided strong Au surface binding
affinity due to Au S linkage. Similarly, in this study genetically
modified MMM-phages showed a considerable affinity to Au sen-
sor. QCM analyses conducted with Au coated quartz crystal sensors
showed an initial frequency decrease of ∼160 Hz upon the injection
of MMM-phages (Fig. 1d). At the end of washing step, net frequency
change was measured as ∼70 Hz showing that weakly or partially
bound phage particles were removed from the Au sensor. As the fre-
quency decrease is correlated with increase of mass accumulated
on the QCM crystal [30], final frequency decrease demonstrates
phage binding on the Au coated sensor surface. QCM result implies
that MMM-phages bind the Au surface due to the interaction of
MMM short amino acid sequence displayed on body part of the

phage with the surface. Upon fd-phage injection on the other hand,
frequency first decreased showing a mass accumulation on Au sen-
sor and then increased after the washing step with 1× PBS revealing
that fd-phages did not bind the Au surface (Fig. 1c).
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Fig. 1. Schematic representation of wild type fd- and MMM-phages. (a) fd-Phage filaments are composed of major coat protein p8 (2700–3000 copies) and minor coat proteins
p3,  p6, p7 and p9 (3–5 copies). MMM  residues carrying sulfur (S) containing functional groups are displayed at N-terminus of main coat protein p8 subunits in order to
o ia Au 
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btain  MMM-phages (b). MMM-phages are expected to bind AuNPs or Au surfaces v
o  significant binding for fd-phages (c) and an observable frequency decrease (m
vertones = 15–64 MHz).

.2. AuNP conjugation to bacteriophages

In order to test the binding of AuNPs on bacteriophages, citrate
tabilized NPs were first incubated with fd- and MMM-phages at

 final concentration of 1010 cfu/ml. ∼20 nm AuNPs are demon-
trated in Fig. 2a. Okada et al. [31] have recently published a new
rotein purification system applying gold magnetic beads and a
andem Met  tag. They showed that Met  tagged EGFP was efficiently
urified by magnetic beads based on Au S linkage pointing at the

inding affinity of Met  molecules to Au particles. Similarly, upon

ncubation of colloidal AuNPs with MMM-phages, bacteriophages
ere observed to be decorated with AuNPs (Fig. 2b). Elemental

nalyses conducted by EDX confirmed the presence of Au on phage
S linkage. QCM analyses conducted with Au coated quartz crystal sensors showed
cumulation) for MMM-phages (d) after the final wash step (operating frequency

filaments. As fd-phages are incubated with colloidal AuNPs, in line
with QCM analyses no evidence for strong Au-phage binding was
found. Phage filaments were imaged as single dispersed filaments
and AuNPs were mostly spread on the wafer (Fig. 2c).

Next, AuNP-phage binding was  investigated at different dilu-
tions of AuNPs prepared in 1× PBS buffer. As the dilution factor
(DF) was  increased, number of AuNPs attached on MMM-phage
filaments decreased as expected (Fig. 2 – 2nd row). Moreover,
phage filaments became more dispersed as AuNP concentration

was decreased. Au peaks were detected by EDX measurements
(Fig. 2 – 3rd row). Only a few AuNPs were detected on fd-phage
agglomerates at DF1 (Fig. 2 – 4th row). Most probably, upon
incubation of fd-phage solution on SiO2 wafer, due to the drying
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Fig. 2. SEM images of fd- and MMM-phages (1010 cfu/ml) incubated with either citrate stabilized AuNPs or with AuNPs diluted in 1× PBS. First row: Citrate stabilized AuNPs
without any phage, with MMM-phages and with fd-phages. Second row: MMM-phages mixed with AuNPs diluted at 1:1 (DF1), 1:3 (DF2) and 1:10 (DF3) mixing ratios in 1×
P 1), 1:3
w  in thi
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BS  buffer respectively. Third row: fd-phages mixed with AuNPs diluted at 1:1 (DF
ere  conducted inside the blue boxes. (For interpretation of the references to color

rocess, phage filaments were aggregated randomly trapping some
f AuNPs inside. For elongated fd-filaments no AuNP attachment
as detected (Fig. 2 – 4th row, inset). Besides, at DF2 and DF3 no
uNP binding was observed for fd-phages (Fig. 2 – 4th row).

AuNP/phage binding was next investigated by UV–vis absorp-
ion spectroscopy. Spectral graphs are seen in Fig. 3. After citrate
tabilized NPs were incubated with fd- and MMM-phages at a

nal concentration of 1010 cfu/ml, 70 �l of solutions with/without
hages were analyzed. Colloidal AuNPs alone (red dashed lines)
xhibited an absorption peak at 523 nm (Fig. 3a and c). Rayavarapu
t al. have reported on antibody conjugation of citrate stabilized
 (DF2) and 1:10 (DF3) in 1× PBS buffer. Pictures were taken at 30 kV. EDX analyses
s figure legend, the reader is referred to the web version of this article.)

AuNPs where they observed a 5 nm peak shift after the conjugation
by UV–vis spectroscopy [32]. In line with these findings, as MMM-
phage particles were mixed with citrate stabilized AuNPs, a peak
shift of 4 nm was  detected showing the complex formation (Fig. 3c).
For fd-phage case no peak shift thus no conjugation took place
(Fig. 3d). Citrate containing buffers are commonly used to disperse
and stabilize AuNPs by repulsive electrostatic forces. AuNPs tend

to aggregate due to dipole interactions caused by shielded electric
field as the ionic strength of environment increases [23]. Takada
et al. [33] have recently conjugated AuNPs with DNA molecules
via a photo triggered reaction. They reported that DNA conjugated
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Fig. 3. UV/vis spectra of AuNP solutions mixed with MMM-  (a) and fd-phages (b). Red curves represent undiluted citrate stabilized AuNPs. Diluted AuNPs were prepared
i oncen
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n  1× PBS buffer at 1:1 (DF1), 1:3 (DF2) and 1:10 (DF3) mixing ratios. Final phage c
olutions with and without phages respectively. (For interpretation of the reference

uNPs did not aggregate and remained stable giving a clear plas-
on  peak although unconjugated NPs did not show any peak.

imilarly, when NPs were diluted in PBS buffer, they got aggregated
nd no distinct peak was observed (Fig. 3a and b – dashed lines). As
MM-phages were added at a final concentration of 1010 cfu/ml,

ggregation was reduced due to the phage binding giving a more
istinguishable plasmon peak at all DFs (Fig. 3a – solid lines). In con-
rast, fd-phage addition did not show any absorption peak implying
hat NPs did not attach to phage filaments and remain aggregated
s before the phage addition (Fig. 3b).

.3. Effect of pH on gold binding affinity of phages

Effect of pH on gold binding responses of wild type and
ngineered phages were first investigated by QCM analyses on
u sensors. Fig. 4a shows the binding responses of MMM-  and

d-phages on Au surface at pH 5, 7 and 9. Injection of MMM-phages
109 cfu/ml) caused an overall frequency decrease of 12.1 ± 0.4,
0.1 ± 0.3 and 5.8 ± 1.7 Hz in 1× PBS at pH 5, 7 and 9 corre-
pondingly (Fig. 4b). At pH 5 and pH 7, net frequency change was
alculated to be approximately same (a deviation of 2 Hz) irre-

pective of the pH change. On the contrary, at pH 9 a relatively low
requency decrease of 5.8 ± 1.7 Hz was observed showing the hin-
rance of MMM-phage adsorption on the Au sensor. Net resonant
requency shifts upon injection of fd-phages (109 cfu/ml) were
tration was 1010 cfu/ml. Solid and dashed lines show absorbance spectra of AuNP
olor in this figure legend, the reader is referred to the web version of this article.)

calculated to be 4.0 ± 1.1, 3.3 ± 0.3 and 3.8 ± 0.6 at pH 5, 7 and pH 9
respectively (Fig. 4b). These comparatively low frequency changes
imply that fd-phages were not adsorbed efficiently on the Au sen-
sor regardless of pH. Since bare gold is highly inert and cannot be
oxidized unlike silver, in order to adsorb target peptide molecules
or self-assembling monolayers (SAMs), no complicated modifica-
tion of surface oxide layer is needed [34]. Metal–sulfur interaction
is predominantly applied to link proteins on Au surfaces since Au S
bond is one of the strongest covalent bonds (�H◦ ≈ −45 kcal/mol)
[35]. Wild-type fd-phage does not carry any sulfur bearing amino
acid residue on its major coat protein p8 subunits. Lack of sulfur
functional groups most probably prevents fd-phages to bind
strongly on bare Au electrodes. Electrostatic interactions can be
neglected due to the inertness of Au sensor surface. Mendes et al.
[36] have recently investigated the electron transfer of hexacyano-
ferrate (II/III) at gold surfaces coated with SAMs. Electrochemical
impedence spectroscopy results showed different electron transfer
responses at different pH values (pH 4–8) [36]. However, no charge
transfer resistance change of bare Au electrode was observed upon
the pH change. Additionally, SAM immobilization on Au sensor was
not reported to be affected by the pH shift from pH 4 to pH 8. Like-

wise, engineered MMM-phages showed similar binding responses
at pH 5 and pH 7 (Fig. 4a) which was also observed by Johnson and
Mutharasan [35] for G-protein coupling to Au surface at pH 3, 5 and
7.2.
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ig. 4. QCM adsorption analyses of fd- and MMM-phages (109 cfu/ml) on Au coated q
hanges  at the 3rd frequency overtone (n = 3) (b).
Gold binding affinities at various pH conditions were next
nvestigated with AuNPs. Citrate stabilized AuNPs (1:10 dilution)

ere incubated with fd- and MMM-phages (109 cfu/ml) at pH 5,
 and 9. Fig. 5 shows the corresponding SEM images. Although

Fig. 5. SEM images of fd- and MMM-phages (109 cfu/ml) incubated with ci
 crystal sensors at pH 5, pH 7 and pH 9 (a) and the list of calculated overall frequency
MMM-phages showed an effective binding response to AuNPs at
pH 5 and pH 7, Au binding was strongly impaired at pH 9. This
can be explained by considering electrostatic interactions and
stability of Au S bonding. Khan et al. [37] have investigated the

trate stabilized AuNPs at pH 5, 7 and 9. Pictures were taken at 30 kV.
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ig. 6. SEM images of fd-phages treated with various concentrations of HAuCl4 prec
EM  pictures before and after reduction were taken at 5 kV and 30 kV respectively. 

o  color in this figure legend, the reader is referred to the web version of this article

lectrostatic binding of AuNPs to TMVs. Citrate stabilized AuNPs
ere shown to be negatively charged at a broad pH range (pH 3–8).
elow the isoelectric point (pI) of 3.5, TMVs were shown to be

ecorated with AuNPs due to electrostatic interactions. Theoretical
I values of mature form (without signal peptide) of major coat
rotein p8 of MMM-  and fd-phages were calculated as 6.28 and
.25 respectively. At pH 9, MMM-phages should be negatively
 solutions (3 mM,  30 mM and 60 mM)  before and after chemical reduction reaction.
nalyses were conducted inside the blue boxes. (For interpretation of the references

charged repelling the AuNPs (Fig. 5 – 1st row). Moreover, Bhatt
et al. [29] have already reported on instability of Au S bonds at
elevated pHs like pH 9 which would also hinder the AuNP attach-

ment. At pH 7 and pH 9, fd-phages are expected to carry a net
negative surface charge which prevents them to bind negatively
charged AuNPs as seen in Fig. 5 – 2nd row. However, they should
be protonated at pH 5 (pI < 6.28) to carry more positive charges
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Fig. 7. SEM images of MMM-phages treated with various concentrations of HAuCl4 precursor solutions (3 mM,  30 mM and 60 mM)  before and after chemical reduction
reaction. Last row: Metallized MMM-  phages after sonication. SEM pictures before and after reduction were taken at 5 kV and 30 kV respectively. EDX analyses were
conducted inside the blue boxes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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romoting AuNP binding. This outcome is supported by Souza et al.
43] who investigated the electrostatic interaction of fd-phages
ith citrate stabilized AuNPs at various pHs. They reported that
ild type phages could bind AuNPs at pH values lower than the pI

f major coat protein p8 due to the electrostatic attraction which
s in line with the results presented in this study.

.4. Metallization

After showing that MMM-phages have remarkable binding
ffinity to Au surface by means of QCM, SEM and UV–vis spec-
roscopy analyses, metallization potential of fd- and MMM-phages
ere investigated upon chemical reduction reaction. As it was

hown before for bio-templates such as DNA, RNA, microtubules or
MV particles, it is possible to deposit metallic particles on biolog-
cal molecules with reducing agents. Decoration of bio-templates

ith metal clusters after chemical reduction is presumed to take
lace in three stages: (1) metal ion attachment at amino acids like
istidine or cysteine, (2) metal ion (M+) reduction to metallic M(0)
pon reducing agent treatment and (3) formation of metal clus-
ers after a critical M(0) concentration was obtained [3]. Since it
s known that fd-phage has a net negative surface charge density
t physiological conditions [38], it is expected that they bind Au3+

ons upon incubation with HAuCl4 precursor solution. As seen in
ig. 6, fd-phages formed bundle like structures as they were mixed
ith 3 mM,  30 mM  and 60 mM HAuCl4 salt solutions. As the pre-

ursor concentration was increased, level of bundling got increased
y inducing attractive forces between phage filaments as can be
xplained by the Manning’s theory of counterion condensation
39]. Increase in bundling efficiency by increased concentration of
ivalent ions was already shown for actin filaments by Yu and Carls-
on’s bundling model [40]. Similarly, we have recently shown that
hage bundling is enhanced by increasing Co2+ and Ca2+ concentra-
ions [41]. As fd- and MMM-phage bundling is compared, it is seen
hat MMM-phages formed more condensed and more intertwined
tructures at the same Au precursor concentration. This implies that
MM-phages bound more Au3+ ions with a higher affinity than fd-

hages due to the presence of displayed Met  amino acids. Upon
he addition of NaBH4 solution which is a strong reducing agent
42], bound Au3+ ions were reduced. Corresponding SEM images
emonstrated the deposited Au clusters on bacteriophage bundles
Figs. 6 and 7). EDX spectra can be seen in zoomed-in images show-
ng the Au and C signals originated from deposited Au particles and
acteriophage filaments respectively. After sonicating the metal-

ized MMM-samples, larger aggregates were separated and smaller
lamentous structures around 1–2 �m long were observed (Fig. 7

 last row).

. Conclusion

In this study, gold binding affinity of genetically engineered
lamentous MMM-bacteriophages was investigated by QCM,
V–vis spectrophotometry and SEM analyses. QCM measurements
emonstrated that MMM  short amino acid sequence displayed on
ajor coat protein p8 enables attachment of recombinant phages

o Au surfaces via Au S linkage. UV–vis absorption measurements
evealed MMM-phage conjugation to AuNPs and showed the
tabilizing effect of recombinant phage attachment on aggregation
f AuNPs. SEM analyses showed AuNPs located on MMM-phage
laments. Binding response of MMM-phages on Au coated quartz
ensors was similar at pH 5 and pH 7 and as the buffer pH was

ncreased to pH 9, phage adsorption was hindered. Although wild
ype fd-phages did not show a significant binding response to bare
u electrode at various pHs, due to the electrostatic interactions
etween citrate stabilized AuNPs and fd-phage molecules at pH 5,

[

[
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NPs were observed to attach fd-phage molecules. Bacteriophages
formed bundle like structures as they were incubated with 3 mM,
30 mM and 60 mM  HAuCl4 salt solution. As the precursor concen-
tration was  increased, level of bundling got increased by inducing
attractive forces between phage filaments caused by bound Au3+

ions. MMM-phages formed more condensed and more intertwined
structures than fd-phages implying that MMM-phages bound
more Au3+ ions due to the presence of displayed Met  amino acids.
Chemical reduction of bound Au3+ ions with NaBH4 at different
HAuCl4 precursor concentrations resulted in metallized phage
filament formation. EDX measurements confirmed the presence
of Au particles on both AuNP decorated and electroless metal-
lized phage structures. Further investigations on patterning and
controlled immobilization of genetically modified bacteriophages
may  contribute to bio-templated nanowire development studies
or biosensor applications.
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