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M
ost implantable medical devices,
such as intravascular catheters,1

pacemakers,2 ventricular devices,3

voice prostheses,4 anddental5 andorthopedic
implants,6 are prone to infections caused by
microorganisms that first adhere to the de-
vices surface and then start to colonize and
formhazardousbiofilms.7-9Thedevelopment
of innovativeengineeredbiomaterials is thus a
fundamental issue that still requires extensive
investigations, especially fromamultidisciplin-
ary point of view. In this frame, there is a
growing recognition that nanostructured sub-
strates, alongwith their specific physicochem-
ical properties, can regulate the responses of
biological entities.10,11 In this respect, the
central question is the understanding of
the complex molecular mechanisms occur-
ring at the interface between nanostructures
and livingmatter, thatmay lead to a rationale
design of biomaterials addressing tailored
biological reactions.12 Nanotechnology-
derived solutions for controlling such re-
sponses may come from biology itself,10

possibly allowing the realization of smart
engineered surfaces with active biological
functionality. In this work, we studied how
highly controlled nanostructured substrates
may impact the proteomic profile of
adherent bacteria and influence the expres-
sion of some regulatory and structural
genes. In previous studies, bacteria were
typically considered as inert colloidal
microparticles,13-15 and the surface charac-
teristics (such as roughness, wettability, hy-
drophilicity, charge, etc.) of both bacteria
and inorganic/engineered surfaces were in-
vestigated as a function of the adhesion
events at the interface.16-24 However, con-
cerning the role of nanoroughness on bac-
teria adhesion, controversial opinions were
reported; in particular, some studies

revealed that an increase in surface rough-
ness may promote bacterial adhesion,25,26

while other researchers recently showed an
opposite trend.27Moreover, theunderstanding
of the “biological” mechanisms regulating the
bacterial response to micro/nano topography
still remains a challenge.24 In this frame,
we used a multidisciplinary approach, which
deems bacteria as active biological systems, to
analyze the bacteria-nanostructured substrates
interaction. Bacteria, in fact, are “naturally
programmed” to obey biological rules, re-
sponding, for instance, to several stimuli by
morphological adaptation and variation. They
canchangeprotein compositionof the cellwall
and membrane,28 can secrete proteins by
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ABSTRACT Bacterial adhesion onto inorganic/nanoengineered surfaces is a key issue in

biotechnology and medicine, because it is one of the first necessary steps to determine a general

pathogenic event. Understanding the molecular mechanisms of bacteria-surface interaction

represents a milestone for planning a new generation of devices with unanimously certified

antibacterial characteristics. Here, we show how highly controlled nanostructured substrates impact

the bacterial behavior in terms of morphological, genomic, and proteomic response. We observed by

atomic force microscopy (AFM) and scanning electron microscopy (SEM) that type-1 fimbriae typically

disappear in Escherichia coli adherent onto nanostructured substrates, as opposed to bacteria onto

reference glass or flat gold surfaces. A genetic variation of the fimbrial operon regulation was

consistently identified by real time qPCR in bacteria interacting with the nanorough substrates. To

gain a deeper insight into the molecular basis of the interaction mechanisms, we explored the entire

proteomic profile of E. coli by 2D-DIGE, finding significant changes in the bacteria adherent onto the

nanorough substrates, such as regulations of proteins involved in stress processes and defense

mechanisms. We thus demonstrated that a pure physical stimulus, that is, a nanoscale variation of

surface topography, may play per se a significant role in determining the morphological, genetic, and

proteomic profile of bacteria. These data suggest that in depth investigations of the molecular

processes of microorganisms adhering to surfaces are of great importance for the design of

innovative biomaterials with active biological functionalities.
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proteomics
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multiple pathways29 or the extracellular polymeric
substance (EPS),30 or produce anchoring arms such
as fimbriae.31 Specifically, we analyzed the effects that
surface nanotopography exerts over the adhesion of
the model system Escherichia coli, by carrying out
morphological investigations along with genetic and
proteomic assays. We fabricated flat and nanorough
gold substrates using an electroless plating technique,
namely spontaneous galvanic displacement reaction
(SGDR). SGDR allows the achievement of tunable and
controllable levels of surface nanoroughness, and has
been exploited for several applications, such as synthesis
of porous nanoparticles,32,33 catalysis,34 patterning of
hydrophobic/hydrophilic surfaces,35 fabricationofplasmo-
nic substrates,36 and patterning of neurons.37 We grew
E. coli on various gold substrates presenting different
surface nanoroughness, and on glass and flat gold sub-
strates, used as a reference. We investigated the potential
changes in E. coli morphology through AFM and SEM
inspections, detecting a significant difference in the bac-
teria grown over the nanorough surfaces, namely the
absence of type-1 fimbriae. Real time qPCR (RT-qPCR)
assays confirmed a nanotopography induced decrease
in the expression level of mRNA of the structural type-1
fimbrial components. Finally, we investigated the pro-
teome of E. coli grown on both flat and nanorough
substrates by 2-D differential in-gel electrophoresis
(2D-DIGE). A significant number of proteins with differ-
ential expression were identified, involved in protein
biosynthesis, protein transport, metabolic pathway, and
DNA repair system, demonstrating that a pure topogra-
phical stimulus may directly and significantly affect the
biological response/function of bacterial cells.

RESULTS AND DISCUSSION

In this work, we show how surface nanoroughness
influences the biological response of bacteria in terms of
cell morphology and variation of their gene expression
and proteomic profile. To study the bacterial response to
the surface topography of the substrates, we used highly
controlled nanorough gold surfaces and classical glass
slides as standard reference substrate for growth (control
sample). Flat gold surfaceswere used to evaluate possible
contributions only due to themetal (internal control). The
flat gold samples were fabricated by thermal evaporation
onto premodified aminopropyltriethoxysilane (APTES)
glass slides, whereas a precise and controlled level of gold
nanoroughness was obtained by a wet chemistry ap-
proach (SGDR) (see Experimental Section). Figure 1 de-
picts the AFM analysis of glass, flat, and nanorough gold
surfaces employed for the bacterial growth. The nano-
structured substrate appeared uniformly rough with pro-
minent high protrusions (Figure 1C). The average surface
roughness (Ra) was∼100 nm, while it was less than 1 nm
for both the flat substrates (Figure 1A,B). AFM line profiles
confirmed the precise control of the surfacemorphology,
showing a homogeneous increase of nanoroughness in
the sample C. We also fabricated highly controlled sub-
strates with intermediate levels of surface roughness,
namely with Ra values of ca. 30, 54, 60, and 79 nm
(Supporting Information, Figure S1, left column). The
physical characteristics of glass, flat Au, and all-rough Au
substrates were further characterized by static water
contact angle (WCA) measurements, both before and
after the incubation with the bacteria culture medium
(Figure 1D, and Supporting Information, Table S1).

Figure 1. AFM analyses of glass (A), flat (B), and nanorough (C) gold substrates used for bacterial growth. Ra indicates the
mean surface roughness, calculated on 40� 40 μm2 regions. On the bottomof each substrate, representative line profiles are
reported. (D) Surface wettability characterization of the substrates before and after incubation with the bacteria culture
medium.
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Experimental data revealed that, upon incubation with
the medium, all the surfaces exhibited a similar hydro-
philic character, likely due to adsorption of medium
proteins on all the substrates. Furthermore, to exclude
the presence of SGDR related Agþ residues onto the
nanoroughgold substrates,we carriedout EDAXanalyses,
revealing that no contaminantswere present (Supporting
Information, Figure S2).
These substrates were used to study the behavior of

E. coliuponadhesion. Themorphologyof thebacteriawas
examined by AFM, a powerful tool for bacterial
imaging.38,39 We observed a clear change in the cell
morphology of the bacteria grown on nanorough sub-
strates, namely the absence of type-1 fimbriae. Such
structures are long and threadlike adhesive organelles
(about 500 copies per cell) that enable bacteria to target
and colonize specific host tissues.40,41 They increase the
virulence of E. coli in the urinary tract by promoting
bacterial persistence and enhancing the inflammatory
response to infection.42 Also, their presence is crucial for
starting the biofilm surface processes because they pro-
mote the bacterial adhesion and colonization on many
surfaces.43-45 Figure 2 shows that bacteria attached on
glass (Figure 2A) and flat gold surface (Figure 2B,C) are∼2
μm long, 1 μmwide, and 140 nm high; the typical type-1

fimbriae filaments are clearly visible on these substrates
with a width of ∼20 nm and average length of 1-3 μm,
consistent with previous literature reports39 (the observed
widthof thefimbriaemaybeslightly affectedby the lateral
resolution limit of AFM). On the other hand, the bacteria
adherent on the nanostructured surfaces (Figure 3) ex-
hibited similar characteristics in terms of size and shape.
However, the most intriguing morphological remark was
that suchbacteria didnotphenotypically presentfimbriae.
We also incubated E. coli on gold substrates with different
levels of surface nanoroughness, observing that also lower
values of Ra (down to 20-30 nm) are clearly sensed by
the bacteria with a consequent loss of the fimbriae
(Supporting Information, Figure S1). To further confirm
suchmorphological evidence, we carried out SEM inspec-
tions of bacteria growing on flat and nanorough gold
substrates (Supporting Information, Figure S3), demon-
strating again the above-mentioned nanotopography-
induced biological response. To the best of our knowl-
edge, this is the first time that the fimbrial structures are
not expressed by bacteria as a consequence of a pure
nanotopographic cue. From our data, assuming that
nanoroughness consists of arrays of nanostructures with
hemispherical shape,we infer that a surface topographical
perturbation of the order of 0.01% in terms of the

Figure 2. Representative AFM images of E. coli cells grown on glass (A) and flat gold (B) substrates, with topographical (left)
and deflection (right) characterizations of bacteria; (C) zoomof the single E. coli cell shown in panel Bwhich highlights fimbrial
structures (right side) and typical line profile of a single fimbria (left side).
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nanostructure/bacterium volume ratio is sufficient to elicit
a strong response in bacterial cells. On the other hand, we
didnotobserveanysignificantdifference in thenumberof
adherent E. coli among the different substrates
(Supporting Information, Figure S4).
To better understand the biological mechanism res-

ponsible for such a striking morphological change, we
quantified the expression of genes used in production of
fimbriae by RT-qPCR assays, upon interaction and adhe-
sion on such nanotopographies. The differential expres-
sion of type-1 fimbriae, known as “phase variation”, is
associated with the inversion of a short element of DNA
that is situated in the fim gene cluster.46 This cluster
contains a promoter which directs the transcription of all
the fimbrial structural genes (i.e., fimA, fimI, fimH) in one
but not in the other orientation (fim operon in “ON” or
“OFF” orientation, respectively)46,47 resulting in “all-or-
nothing” expression level (Figure 4A). The inversion
reaction can be catalyzed by LrhA transcriptional regu-
lator (whose direct or indirect activity has not been yet
fully clarified),48 or can be governed by other factors.47 In
our experiments, a significant difference of mRNA ex-
pression level was found in the regulation of the fim

operon in the bacteria grown on the nanorough surfaces
as compared to the control glass surfaces (no significant
differences were detected between glass and flat gold
surface, see Supporting Information, Figures S6-8). In
particular, the expression level of fimA, which encodes

the major subunit of type-1 fimbriae, and fimI, that is a
structural component under the control of the same
promoter, were approximately 57( 3% and 75( 5% for
bacteria grown on the nanorough substrates with respect
to the bacteria grown on glass substrates (Figure 4B). In
addition, we found that the expression level of lrhA, which
encodes the repressor of the fim operon, is 127 ( 6% for
bacteria grown over rough substrates (Figure 4B) (real-
time curves, quantifications of the threegenes, and related
melting curves are reported in Figures S9-S12). These
data confirm the previous experimental evidence that
LrhA acts as a repressor of the fimbrial genes expression48

(Figure 4C). These first genetic results revealed that nanor-
ough Au surfaces lead to a loss of expression of such
bacteria virulence factors. It is noteworthy that slight
modifications of the surfacemorphology of the substrates
are sensed by bacteria, which actively respond at genetic
level (however, an important role in thefimbrial secretion is
also due to post-transcriptional mechanisms).49

To further understand if the loss of fimbriae was a
transient or a permanent phenomenon, we grew E. coli

on the nanorough gold substrates followed by a replica
painting of such bacteria adherent on the substrates, that
is, we placed their surface over an agar-solidified culture
medium. We then picked up some bacteria colonies,
incubating them on normal glass slides. As revealed by
AFM inspections (Figure 5), bacteria recovered again the
expression of fimbriae. This indicates that slight changes

Figure 3. Typical AFM images of E. coli cells grown on nanorough substrates. (A) Scan area 10 � 10 μm2, (B) scan area 4� 4
μm2 (left, topographical pictures; right, deflection characterizations). No fimbriae are manifested by the bacteria in this case.
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in surface topography led to a transient phase variationof
fimbrial expression. Hence, the interaction between bac-
teria and surfaces is a critical step for the modulation of
bacteria properties.
These remarkable observations led us to investigate the

entire proteomic profile of E. coli, upon interaction with
nanorough substrates, by the 2D-DIGE proteomic techni-
que. 2D-DIGE is a well established and powerful method
that allows one to understand and clarify specific meta-
bolic pathways of cells by highlighting up- or down-
expression of proteins.50-52 Figure 6A shows a represen-
tative 2Dgel inwhich∼1500protein spots of E. coligrown
on both glass and nanorough gold substrates were
identified. We used strips with a 4-7 pH gradient for
the first dimension to better resolve the bacterial proteo-
mic profile (Figure 6A). The quality of our 2D-DIGE experi-
ments was demonstrated by a variance below 15% for
1500 spots within the biological replicates;53 at the same
time, also the principal component analysis (PCA)
(Figure 6B) clearly displayed two well-resolved popula-
tions. Yellow spots (which represent the population of
control proteins pool) are in fact grouped together in the
left side of the spot maps and are well separated from
the red spots (representing the treated population)54

(Figure 6B). Among the ∼1500 protein spots in the 2D

gel, we identified 15 of them which were differentially
expressed (up- or down-regulated) with significant statis-
tical validity [t test < 0.01 between glass (control) and
nanorough (treated)] (no significant differences were
detectedbetweenglass andflat gold surface, seeSupport-
ing Information, Figure S13). These 15 significant spots,
representativeof 15proteins, showedupanddowntrends
of regulation, as shown by the extended data analysis
(EDA) displayed in Figure 6C. The expression levels are
visualized as different chromatic scales; in particular, as
elucidated by the legend on the bottom-left side of
Figure 6C, the shift from bright green (down-expression)
tobright red (overexpression) colors illustrates the trendof
proteins expression.55

Protein identification was performed by picking up
the 15 significant spots, from the corresponding pre-
parative gel, and carrying out LC-MS/MS mass spec-
trometry analyses (Supporting Information, Table S14).
We observed that the presence of nanotopography
alone, without chemical or biological external stimuli/
surfacemodifications, induces a different expression of
proteins involved in transcription regulation, transport
of oligopeptides and aminoacids, energy metabolism,
stress response, and synthesis and modification of
macromolecules (Table 1).

Figure 4. Expression analysis of fim and lrhA genes in bacteria grown on nanorough surfaces as compared with bacteria
grownonglass surface (control). (A) Generalmechanismof fimbrial operon. LrhA promotes the inversionof theDNA segment
containing the promoter for the fimbrial structural genes. (B) Expression levels of fimA, fimI, and lrhA in the treated bacteria
compared to control bacteria (set at 100%). Data are shown as means ( standard deviations from three independent
experiments (/ = p < 0.001). (C) Proposed mechanism of regulation of type-1 fimbriae synthesis on nanorough surfaces: the
increased level of LrhA results in the down-expression of FimA and FimI.
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In particular, we found that some proteins involved in
the general stress response were regulated in the nano-
rough samples. For instance, the DNA protection during
starvation protein (Dps), that represents one example of
defense against oxidative DNA damage in actively grow-
ing cells,56 was up-regulated. At the same time, also the
OsmC stress-inducible membrane protein (whose tran-
scription is typically inducedat elevatedosmoticpressure)
codifiedby theosmCgene57wasup-regulated. Such latter
finding is also confirmed by the down-regulation of the
H-NS transcriptional regulator, which is a histone-like
protein able to repress the expression of numerous genes,
including osmC.58 We also found that several proteins
involved in general cell processes were regulated; in this
frame, the overexpression of the YaeT complex is of
particular interest, as it is required for the outermembrane
β-barrel proteins (OMPs) assembly that is important for a
proper maintenance of the outer membrane, required for
cell viability.59 In addition, the NusA protein, involved in
transcription termination in the tryptophan operon of
E. coli,60 and the periplasmatic histidine binding protein
(HBP), that is an initial receptor in the process of active
transport across cell membranes and/or chemotaxis,59 are

both up-regulated in the bacteria interacting with the
nanorough surfaces. On the other side, the oligopeptide
transportOppA,61 the outermembraneproteinA (OMPA),
that plays a structural role in the integrity of the bacterial
cell surface,62 and protein YgiW are down-expressed.
These observations indicate that nanostructured surfaces
strongly affect E. coli cells, leading to general stress
processes in bacteria, which activate defensemechanisms
against DNA or membrane damage. Moreover, we de-
tected proteins important for the synthesis and modifica-
tion of macromolecules. The β-subunit of the glycyl-tRNA
synthetase, an important enzyme in protein synthesis,63

and the dihydrodipicolinate synthase, a crucial target
enzyme of many antibiotics,64 resulted overexpressed.
On the other hand, the uracil phosphoribosyltransferase,
which is the precursor for all pyrimidine nucleotides
(pyrimidine salvage enzyme),65 is down-regulated. Finally,
we found that the energy metabolism proteins transketo-
lase 266 and pyruvate kinase67 were both up-regulated in
treated samples. Overall, such protein pattern suggests
that E. coli undergoes important changes in themetabolic
pathways upon interaction with nanostructured surfaces,
confirming that nanoroughness alone causes a general

Figure 5. AFM investigations of replica painting experiments. E. coli was first grown on nanostructures gold substrates (top
row), confirming the loss of fimbriae. Such substrates, with adherent bacteria, were deposited on an agar-solidified culture
medium, and some bacterial colonies were picked up and grown on normal glass slides (bottom row). AFM revealed that
E. coli was able to recover the fimbrial structures (left, topography; right, deflection).
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stress condition in the bacteria. A possible explanation is
that the nanotopography causes a significantly reduced
contact area of the bacteria with the underlying sub-
strate, likely perturbing their anchoringmechanisms. This
might also lead to damages of the outer membrane of
adherent E. coli, which consequently rearranges its pro-
tein expressionprofile up-regulatingenzymes involved in
the protection of DNA, aminoacid synthesis, energy
production, regulation, and rearrangement of the exter-
nal membrane; at the same time, E. coli down-regulates
some transport proteins and enzymes related to DNA
synthesis, possibly trying to avoid mistakes and/or da-
mages during base synthesis.

CONCLUSIONS

In thisworkwehavedemonstrated that nanostructured
substrates induce important variations in the morphologi-
cal, genetic, and proteomic response of adherent E. coli.
AFM and SEM investigations revealed a significant altera-
tion of bacterial morphological characteristics, with a
specific effect concerning the loss of type-1 fimbriae. Since
fimbriae are adhesive organelle involved in adhesion of
bacteria to specific cells of host tissues, this finding is quite
intriguing. TheqPCR results alsoconfirmedageneticphase

variation phenomenon, regarding the “OFF” operon fim-
brial switching for bacteria grown on nanorough sub-
strates. Finally, the 2D-DIGE analysis revealed a different
expression pattern of E. coli adherent on nanostructured
surfaces (as compared to reference flat substrates) of
proteins involved in biosynthesis, peptide transport, meta-
bolic pathway, and DNA repair system. These data high-
lighted two important issues: First, even an apparently
weak physical stimulus, that is, a nanoscale variation in
surface topography, may cause important responses in
E. coli, suchas lossoffimbriaeandmodulationof its protein
expression pattern. Second, in addition to the physico-
chemical investigations, deep biochemical and molecular
biology approaches are very important to study the inter-
action processes of bacteria with inorganic surfaces. We
believe that the understanding of the bacterial responses
and adaptations to nanostructured surfaces will open
interesting perspectives for the design of novel and more
efficient implant devices with unanimously certified anti-
bacterial characteristics.

EXPERIMENTAL SECTION

Substrates Fabrication and Characterization. For sub-
strates preparation, 1.5 cm�1.5 cm glass slides were first

Figure 6. DIGE analysis of bacteria grown on rough substrates (treated) vs bacteria grown on glass substrates (control). (A) A
representative DIGE gel. The proteins pool from control bacteria (grownon glass) was conjugatedwith Cy3, the proteins pool
derived from treated bacteria (grown on nanorough gold surfaces) was labeled with Cy5, while the pooled internal standard
(mix of control and treated proteins) was labeled with Cy2. (B) PCA hierarchical clustering analysis: the glass and nanorough
groups are well separated indicating good statistical populations of up- and down-expressed proteins (analyses from three
biological replicates). (C) The DeCyder 2D EDA of differentially expressed proteins shows a trend for down-regulation (green)
and up-regulation (red) of proteins for glass and nanorough samples.
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sonicated with ultrapure water (resistivity 18.2 MΩ cm;
ELGA) for 15min and then treatedwith a 1:1:5 solution of
30%NH3OH (J. T. Baker), 30%H2O2 (J. T. Baker), andwater
at 75 �C for 10 min, followed by treatment with a 1:1:5
solution of 30% HCl (J. T. Baker), 30% H2O2, and water at
75 �C for 10 min, with intermediate washing steps with
deionized water after each treatment. Subsequently, the
cleaned surfaces were exposed to 300 μL of 1% amino-
propyltriethoxysilane (APTES, Sigma-Aldrich) aqueous
solution for 5min, washedwith deionizedwater, and kept
in vacuum overnight to remove the unbound APTES
molecules. These NH2-modified glass substrates were
coated with 50 nm Au film by thermal evaporation
(1Å/sofevaporation rate), toobtainavery flat anduniform
gold film. For the preparation of gold substrates with
different levels of surface roughness, the amino-modified
glass slides were first coated with 50 nm of Au film and
then with increasing values of Ag film (1.5 Å/s of evapora-
tion rate), namely 10, 20, 30, 40, and 50 nm. After the silver
coating they were exposed to 10-3 M HAuCl4 (Sigma-
Aldrich) aqueous solution for 15 min for the SGDR
reaction.37 All the substrates were washed two times with
1/20 of 30% ammonia (J. T. Baker) for 20 min to dissolve
the AgCl residues of the SGDR, rinsed three times with
ultrapure water, dried under nitrogen flow, and stored
overnight in a drier. All the substrates were characterized
byAFM. Thewettability properties of the various glass/flat/
nanorough substrates were assessed by measuring the
static water contact angle (WCA) of double distilled water
drops dispensed with a microsyringe onto the surfaces,
with the sessile drop method. We used a CAM200-KSV

instrument equippedwith a digital camera to takemagni-
fied images of themicrodroplets. The static WCA analyses
of the substrates before and after incubation with the
bacterial culture medium were performed on overnight
dried samples.

Bacterial Strain and Growth Conditions. A loop of glycerol
stock of E. coli strain TG168 [K12, lac-pro supE thi hsdD5

(F0 traD36 proAþBþ lacIq lacZM15)] was streaked onto a
Luria-Bertani medium agar plate and incubated over-
night at 37 �C. Then a single colony was picked and
grown in LB liquid medium overnight at 37 �C up to an
optical density at 600 nm (OD600) of 1.00 ( 0.05
(corresponding to ∼8 � 108 cells/mL) in a shaking
incubator (240 rpm). The overnight culture was diluted
in LB medium to an OD600 of 0.1 and transferred into a
six-well plate containing the substrates. The plates
were incubated at 37 �C for 24 h with shaking (240
rpm). After the incubation, the surfaces were gently
rinsed four times with 0.2 M Tris, pH 7.5 to analyze only
surface-associated bacteria.

Samples Preparation for AFM and SEM Analyses. Before
performing AFM and SEM investigations, bacteria cells
growing on glass slides and flat and nanorough gold
surfaces were fixed and dried following different steps.
The substrates with adherent bacteria were first trans-
ferred in a solution containing4% formaldehyde (Aldrich)
in PBS buffer (Aldrich), then samples were allowed to fix
for 5min andwashed in deionizedwater for 10min. After
this, the samples were dehydrated using a series of
ethanol washing: (1) 30% ethanol for 10 min, (2) 50%
ethanol for 10 min, (3) 70% ethanol for 10 min, (4) 90%

TABLE 1. E. coli Genes Affected by Interaction with Nanorough Substratesa

a The molecular functional compositions of the proteins were based on Gene Ontology annotation. A total of four functional categories were obtained by inspecting Swiss-Prot queries.

A
RTIC

LE



RIZZELLO ET AL. VOL. 5 ’ NO. 3 ’ 1865–1876 ’ 2011 1873

www.acsnano.org

ethanol for 10min, (5) 100%ethanol for 10min (repeated
two times). Samples were then immersed in hexamethyl-
disilazane (HMDS, Aldrich) for 15 min, dried at room
temperature, and immediately analyzed.68

Atomic Force Microscopy, Scanning Electron Microscopy, and
EDAX Measurements. The topography of the Au surfaces
and bacteria grown on the surfaces was characterized by
atomic force microscopy. All the experiments were per-
formed in contact mode in air, using the commercial
Nanoscope IVMultiMode SPM (Veeco Instruments, Santa
Barbara, CA) under ambient conditions (20-25 �C, atmo-
spheric pressure, ∼50% humidity). Ultrasharp silicon
nitride cantilevers (triangular, DNP, Veeco Instruments,
Santa Barbara, CA) were used with a spring constant of
0.58 N m-1 and a normal tip radius of 10 nm. Several
images were obtained from separate locations of the
surfaces to ensure reproducibility (for each replicate, five
scan fields of 10� 10 μm2were analyzed, finding amean
number of bacteria of 41 ( 8 for each field). All the
images were analyzed using the NanoScope software
(Digital Instruments), version 6.0.

For morphological investigations by SEM, samples
were treated as previously discussed, and analyses were
carried outwith aNovaNanoSEM200 (FEI). Samples were
positioned at a working distance of 5 mm, and scanned
with a 18 KeV e-beam. The SEM is also equipped with a
UVW Shappire EDAX Microanalysis detector, thus allow-
ing energy dispersive X-ray mapping with spatial resolu-
tion better than 1 μm (11 keV of acquisition).

Confocal Microscopy. To count the number of adher-
ent bacteria, substrates were immersed in 4% formal-
dehyde (to fix cells) and then stained with Hoechst
33258 (1 μg/mL final concentration); imaging was
performed by a confocal microscopy (Leica TCS-SP5
AOBS), and direct counting was carried out onto glass,
flat, and all the nanorough samples. For each replicate
(3 independent replicates were used), 10 scan fields of
400 � 400 μm2 were analyzed.

Determination of fim and lrhA Transcript Levels by Quantita-
tive, One-Step Real-Time PCR. The expression of three differ-
ent genes (fimA, fimI, and lrhA) was investigated for
bacteriagrownonglass and flat and roughgold substrates
by real-time qPCR. The gapA gene, encoding D-glyceralde-
hyde-3-phosphate dehydrogenase A, was used as an
independent internal control. The bacteria growth condi-
tions were as described earlier (section “Bacterial Strain
and Growth Conditions”). After the incubation with sub-
strates (three independent biological replicates), the sur-
faces were gently rinsed four times with 0.2 M Tris, pH 7.5
to analyze only surface-associated bacteria. The total RNA
was extracted from bacterial cells of each sample (glass,
flat, and nanorough gold substrates) using TRI Reagent
(Sigma-Aldrich), as described in the manufacturer's in-
structions, givingspecial attention todetachonlyadherent
bacteria. The amount of mRNA of each sample (glass, flat
gold, and rough gold) was determined by taking the
optical density (OD) 260/280 ratio using a UV-vis

spectrophotometer, and RNA quality was analyzed using
agarose gel electrophoresis (1.2%, 70 V for 30 min) (see
Supporting Information, Figure S5). The PCR was carried
out using the primers sequence reported in Table 2.48 PCR
was performed using direct total RNAs in one-step reac-
tion in a ABI 7500 thermal cycler (Applied Biosystems). For
each gene, we prepared five PCR mixtures with a final
volume of 20 μL each. Each PCRmixture contained 5 μL of
0.2μg/μL of RNA solutionmixedwith 10μL of 10X Express
Syber Green qPCR SuperMix premixed with ROX
(Invitrogen), 0.4 μL of 10 μMof each gene specific primers
(forward and reverse), 0.5μL of Express SuperScriptMix for
one-Step Syber GreenER (Invitrogen), and 6.5 μL of DEPC-
treatedwater. Reaction conditions for all geneswere 50 �C
for 5 min and 95 �C for 2 min to perform cDNA synthesis,
immediately followed by PCR quantification program,
repeated 40 times (15 s at 95 �C, 1 min at 60 �C). This
program was followed by a melting curve program
(60-95 �C with a heating rate of 0.1 �C/s and continuous
fluorescence measurements). Specificity for all amplicons
was confirmed via melting curves and gel analysis. The
threshold cycle for each real-time PCRwas determined by
using the software package supplied with the ABI 7500
thermal cycler, and gene expressionwas calculated by the
Delta-Delta CT method.

Preparation of Protein Samples for Proteomic Analyses. The
substrates used for cultures (three independent biolo-
gical replicates) were washed four times with sterile
PBS and resuspended with 0.1 M Triton X-100 solution
and 1X protease inhibitor (Protease Inhibitor Cocktail
Set III, Novagene). The cell suspension was incubated
on a shaking platform for 20 min at room temperature
followed by four cycles of sonication (each for 10 s at
10% of maximum output; high-intensity ultrasonic
liquid processor; Sonics, Newtown, USA). Soluble pro-
teins were obtained by centrifugation of the cell
extract at 16000g for 2 min at 4 �C. The supernatant
was collected and the protein concentration was de-
termined by the Bradford assay using bovine serum
albumin as a standard. Following extraction, the pro-
tein samples were prepared for 2D-DIGE using 2D
Clean-Up Kit (GE Healthcare); in this way, any other
interfering components were removed. The samples
were resuspended in DIGE labeling buffer with 7 M
urea, 2 M thiourea and 4% CHAPS, 30 mM Tris pH 8.5.
The protein solutions were then centrifuged at 12000g

TABLE 2

primer sequence (50f30) ref

FimA forward GGA CAG GTT CGT ACC GCA TC 48
FimA reverse ACG TTG GTA TGA CCC GCA TC 48
FimI forward GAC GGT CAA TAT GGG GCA AA 48
FimI reverse TTT TTA CCA TCC GCG ACA CC 48
LrhA forward CGC GTG AGT TCG GTT TAT CC 68
Lrha reverse CTG CGC AGT ACC AGT GTG TTG 68
GapA forward GTT GTC GCT GAA GCA ACT GG 48
GapA reverse AGC GTT GGA AAC GAT GTC CT 48
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for 10 min to remove any insoluble material and to
reduce any foam. The pH of the protein extract was
adjusted to 8.5 by adding 50 mM NaOH, and protein
concentration was determinated by the Bradford assay
(Biorad). The samples were stored at -80 �C until use.

2D-DIGE Experiments. Protein extracts obtained from
E. coli cultured on different substrates were labeled with
cyanine dyes according to themanufacturer's instructions
(Amersham Biosciences, Piscataway, NJ). Briefly, 50 μg of
proteins from E. coliwere labeled with 400 pmol of amine
reactive cyanine dyes, Cy3 or Cy5 N-hydroxysuccinamide
(NHS) ester DIGE dyes (Amersham Bioscences), freshly
dissolved in anhydrous dimethyl formamide. Then, the
samples were mixed with a Cy2-labeled internal pooled
standard. The internal pooled standard sample was pre-
pared by pooling 50 μg of proteins from each sample. No
primary amines, DTT, or carrier ampholytes were included
in the buffer as such components could potentially react
with the NHS esters of the cyanine dyes. The labeling
mixture was incubated in ice in the dark for 30 min, and
the reaction was terminated by addition of 10 mM lysine
followed by incubation in ice for additional 10 min. The
quenched Cy3- and Cy5-labeled samples were then com-
bined with the quenched Cy2-labeled pool internal stan-
dard. The total proteins (150 μg) were mixed and
denatured in 2-D sample buffer (7 M urea, 2 M thiourea,
4% CHAPS, 2% DTT, 2% IPG 4-7 NL buffer, 0.04%
bromophenol blue), and the final loading volume was
450 μL.

2D Separation and Image Analyses. All 2-D separations
were performed using the Amersham Biosciences DIGE
apparatus (Amersham Biosciences). In brief, Immobiline
DryStrips pH 4-7 NL � 24 cm (Amersham Biosciences)
were used for the first dimension separation with the
cup-loading technique. IEFwas carriedoutonaMultiPhor
electrophoresis system (Amersham Biosciences). The
electrophoresis conditions were set at 20 �C. The follow-
ing protocol was used: step 1, 150 V for 3 h; step 2, 300 V
for 3h; step3, 1000V for 6h; step 4, voltagegradient from
1000 to 10000 V for 1 h; step 5, 10000 V for 3 h. After IEF,
the stripswere equilibrated in buffer containing 6Murea,
2% SDS, 30% glycerol, 50 mM tris pH 8.8, 0.02% bromo-
phenol blue, 30mMDTT, and subsequentlywith 240mM
iodoacetamide to allow the cysteine residues to be
reduced and then carbamidomethylated. The strips were
immediately subjected to the second dimensional se-
paration in an ETTAN Dalt Six electrophoresis system
(Amersham Biosystem) using a 12.5% SDS-polyacryla-
mide gel. Initially, gels were run at 25 mA/gel for 10 min
and then were increased to 50 mA/gel after the proteins
migrated into the resolving gel. The CyDye-labeled gels
were visualized using a Typhoon 9400 imager
(Amersham Biosciences). Excitation and emission wave-
lengths were chosen specifically for each dye, according
to the manufacturer's recommendations for each DIGE
fluorophore: Cy2 (488/520 nm), Cy3 (532/580 nm), and
Cy5 (633/670 nm). Images were preprocessed to remove

areas extraneous to those of interest using ImageQuant
V2005 (Amersham Biosciences). The gel analysis was
performed using the DeCyder Difference In-gel Analysis
(DIA) version 6.5.11 (Amersham Biosciences). Intergel
matching was performed using Decyder Biological Var-
iance Analysis (BVA) version 6.5.11 (Amersham
Biosciences), and statistical analyses were carried out
for each sample. The estimated number of spots for each
codetection procedurewas set to 2500. Each gel was first
grouped into “glass” and “nanorough” to allow for
comparison between the control and the treated groups.
The spots on each standard gel were then screened
carefully to ensure that they were matched correctly
across all gels. Student's t test analysis was performed
for each matched spot set, comparing the average and
standard deviation of protein abundance for a given spot
between the control and treated groups to find signifi-
cant differences above the experimental variation.

Protein Identification by LC-MS/MS and Database Search.
To allow MS analysis for protein identification, 500 μg of
E. coli proteins pool were used to produce a preparative
gel. After performing 2-D PAGE as described above, the
gels were washed three times in deionized (DI) water,
stained in GelCode Blue Stain Reagent (Pierce) overnight,
and washed three times in DI water for more than 4 h
before being scanned, wrapped in plastic, and stored at
4 �C. After confirming that all 2-D DIGEmarker spots were
matched correctly to the corresponding 2-D PAGE gel
spots, the preparative gel spots were excised from the gel
and washed in 50 mM ammonium bicarbonate pH 8.0 in
50% acetonitrile to a complete destaining. The gel pieces
were resuspended in 50 mM ammonium bicarbonate pH
8.0 containing 100 ng of trypsin and incubated for 2 h at
4 �C and overnight at 37 �C. The supernatant containing
the resulting peptide mixtures was removed, and the gel
pieces were re-extracted with acetonitrile. The two frac-
tions were then collected and freeze-dried. The peptide
mixtures were analyzed by LC-MS/MS using the LC/MSD
Trap XCT Ultra (Agilent Technologies, Palo Alto, CA)
equipped with a 1100 HPLC system and a chip cube
(Agilent Technologies). After loading, the peptide mixture
(7 μL in 0.5% TFA) was first concentrated at 4 μL/min in a
40 nL enrichment column (Agilent Technologies chip),
with 0.1% formic acid as the eluent. The sample was then
fractionated on a C18 reverse-phase capillary column
(75 mm � 43 mm in the Agilent Technologies chip) at a
flow rate of 300 nL/min, with a linear gradient of eluent B
(0.1% formic acid in acetonitrile) in A (0.1% formic acid)
from 7 to 50% in 35 min. Elution was monitored on the
mass spectrometers without any splitting device. Peptide
analysis was performed using data-dependent acquisition
of one MS scan (m/z range from 400 to 2000 Da/e)
followed by MS/MS scans of the three most abundant
ions in each MS scan. Dynamic exclusion was used to
acquire a more complete survey of the peptides by
automatic recognition and temporary exclusion (2 min)
of ions from which definitive mass spectral data had
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previously been acquired. Moreover, a permanent exclu-
sion list of the most frequent peptide contaminants
(keratins and trypsin peptides) was included in the acqui-
sition method in order to focus the analyses of significant
data. Mass spectral data obtained from the LC-MS/MS
analyses were used to search a nonredundant protein
database using an in-house version of the Mascot 2.1
(Matrix Science, Boston, MA, USA) software. Peptide mass
values and sequence information fromLC-MS/MSexperi-
ments were used in the MS/MS Ion Search taking into
account the Carbamidomethyl-Cys as fixed modification
and a precursor ion and a fragment ionmass tolerance of
(600 ppm and 0.6 Da, respectively.

Statistical Analyses. GraphPad Prism 5 statistical anal-
ysis software was used in RT-qPCR performed in this
work; in particular, RT-qPCR data were analyzed by t test
(p < 0.001). The DeCyder Extended Data Analysis Soft-
ware (denoted as EDA) was used to analyze the DIGE
data. The differential expression of proteins between the
samples was evaluated by t test. The level of statistical
significance was defined as p < 0.01.
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