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  1.     Introduction 

 Surface modifi cation at the molecular level is a paramount 
method enabling functional properties in substrates with 
interest for biotechnological applications. [ 1 ]  Nanosized mate-
rials revealing new fascinating properties (neither displayed 
by the bulk materials nor by the discrete molecules) and very 
high surface-area-to-volume ratio are progressively being inte-
grated in the next-generation biomolecular devices in several 
fi elds such as nanomedicine, (bio)analytical chemistry, and 
bioelectronics. [ 2,3 ]  

 Graphene oxide (GO) and semiconductor (III–V and II–
VI) quantum dots (QDs) are two of the most studied optically 
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active nanomaterials exhibiting extraordi-
nary nanoscale properties. QDs are also 
known as colloidal luminescent semicon-
ductor nanocrystals, generally measuring 
1–10 nm. Their optical properties have 
been reported to be advantageous when 
compared with those of conventional 
organic dyes for biomedical applica-
tions. [ 4–7 ]  For instance, QDs bear size-
dependent emission, from UV to mid-IR 
region, [ 8 ]  broad excitation wavelength, 
large Stokes’ shift, symmetric and narrow 
emission spectra, high brightness, and 
they do not display photobleaching phe-
nomenon. [ 9 ]  As a consequence, QDs pro-
vide versatile tools for optical or electrical 
multiplexing (detection of multiple sig-
nals, spectrally, spatially, or temporally 
resolved), [ 6,10–12 ]  long-term and single 
molecule imaging, [ 13,14 ]  and offer novel 
approaches in biotechnology, [ 15 ]  based on 

bar-coding, [ 16 ]  chemical noses, [ 17 ]  logic-gate operations, and 
optical switches [ 18 ]  among others. 

 GO is a 2D nanomaterial belonging to the family of carbon 
allotropes [ 19,20 ]  characterized by heterogeneous chemical struc-
ture and a very large surface area, e.g., 737 m 2  g −1 . [ 21 ]  As a 
highly oxidized derivate of graphite, it is easily processed in 
aqueous solutions [ 22–25 ]  and synthesized in large quantity, [ 20,26 ]  
and it is applied in several biotechnological platforms. [ 27 ]  

 The GO monolayer is also a high tunable nanomaterial given 
the lateral size [ 28 ]  and the oxidation degree, [ 29 ]  which are pivotal 
marks of the 2D carbon structure. [ 30 ]  Indeed, it can be photo-
luminescent over a broad range of wavelengths, from UV to 
near-IR; [ 31 ]  a universal long-range superquencher; [ 32–35 ]  capable 
of direct binding/wiring with biomolecules; [ 2,36 ]  and modulated 
to interact with living cells in specifi c ways. [ 37 ]  Interestingly, it 
shows higher quenching effi ciency of QDs’ photoluminescence 
when compared with other 1D or 3D carbon structures. [ 38 ]  
The advantageous properties of GO have been pointed up in 
optical detection, [ 39,40 ]  also in this case enabling applications of 
advanced concepts in sensing such as real-time intracellular 
tracking [ 41,42 ]  (even enhanced using nanomotors), [ 43 ]  drug dis-
covery, [ 44 ]  logic-gates, [ 45 ]  and nose-like platforms. [ 28,46 ]  

 QDs being vigorous donors and GO sheets being powerful 
energy transfer acceptors, the interplay of these two comple-
mentary nanomaterials in rationally designed biological assem-
blies can open the avenue to unparalleled performances in 
sensing creating opportunities for the development of low-cost 
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and rapid molecular diagnostics tools, [ 47–49 ]  possibly reaching 
digital-like responses. [ 50,51 ]  

 Additionally, new dimensions for the elaboration of novel 
(bio)sensors based on diverse mechanisms of transduction can 
be created through immobilization of the molecular species on 
chips with high spatial resolution, using GO as a donor [ 52 ]  or 
an acceptor [ 53 ]  of FRET, QDs, [ 54 ] , or a combination of them. [ 50 ]  
Immobilization is a crucial step to design labs-on-a-surface 
for multiplex-screening, high-throughput sensing, real-time 
detection, device miniaturization, and reduction of reagent 
amount. [ 55,56 ]  The disposition of concentrated sensing molec-
ular assemblies in submicrometric sectors, light stimulated 
by focalized radiation, also allows the signal-to-noise ratio and 
sensitivity to bump up, therefore reaching very low detection 
limits. [ 53,54,57 ]  

 However, effi cient integration of nanomaterials and proteins 
in functional devices requires strategies to control their assem-
blies, without hampering their properties, enhancing the fea-
tures of the base building blocks. [ 58,59 ]  

 Self-assembling of proteins, nonsynthetic “nanomachines” 
endowed with a broad variety of functions, is nowadays inten-
sively studied as a fundamental and green strategy to build 
hierarchical structures in both living systems and hybrid func-
tional assemblies for bio-nanotechnological purposes. [ 60,61 ]  
Hydrophobins (HFB) are self-assembling proteins commonly 
produced by fi lamentous fungi that, arising from the typical 
fungal life style, have evolved “Janus-faced” structures [ 62 ]  and 
special functions. [ 63 ]  Indeed, superior fungi live their life cycles 
facing the liquid–air and liquid–solid interfaces, escaping from 
wet environment by lowering the surface tension of water 
using soluble hydrophobins and by coating their body with 
hydrophobic, stable protein layers. In their soluble forms, 
HFBs are excellent surface active proteins [ 64 ]  and fi nd applica-
tions in industrial and medical biotechnology as foams, emul-
sions, and dispersions stabilizers. HFBs also self-assemble into 
amphiphilic structured layers able to reverse the wettability of 
both hydrophilic and hydrophobic materials. [ 65 ]  Since the layers 
formed by HFBs of Class I show exceptional chemical stability, 
i.e., in 3  M  NaOH or 3  M  HCl, [ 66 ]  or in hot water in the presence 
of detergents (sodium dodecyl sulfate, SDS), [ 67 ]  they fi nd appli-
cations in the biofunctionalization of the surfaces. Moreover, 
the adhesive properties of the HFB fi lms, exploited by fungi to 
grow on hydrophobic surfaces, have been demonstrated to be 
effective as a “primer” for surfaces bioconjugation of another 
protein layer on inert surfaces. [ 68 ]  

 Vmh2 from the white-rot fungus  Pleurotus ostreatus  is one 
of the most hydrophobic HFBs known, soluble in low polar 
solvents. This Class I HFB has been isolated and studied in 
our laboratories and used for modifi cation of steel, [ 69,70 ]  nano-
structured silicon, [ 67 ]  and graphene-based materials. [ 71 ]  The 
nanometric layer (≈2.5 nm tick) of Vmh2 has been character-
ized on different surfaces as well its self-assembled rod-like 
structures, typically formed by Class I HFBs. [ 72 ]  The Vmh2 
monolayer acts as a bioactive substrate to bind other proteins, 
which show improved stability and activity when bound on the 
biohybrid chips. [ 70–73 ]  

 In this work, we propose a fast, highly homogeneous, and 
effi cient glass functionalization method by spontaneous self-
assembling of Vmh2 at liquid–solid interface. In addition, we 

demonstrate for the fi rst time the immobilization of nano-
materials and proteins via hydrophobins in a microarray 
fashion, which results to be a time-saving process. Relevant sur-
face characteristics of biofunctionalized slides are evaluated and 
compared with a commercially available, standard aminosilane 
substrate. Micropatterning immobilization of labeled proteins 
and cadmium telluride (CdTe) QDs is performed obtaining 
high signal-to-background ratio. Moreover, a GO layer is assem-
bled on the Vmh2 substrate. Functionality of proteins on Vmh2 
layer is shown using an immunoassay in a microarray format. [ 7 ]   

  2.     Results and Discussion 

  2.1.     Functionalization of Glass by Self-Assembling 
Layers of Vmh2 

 Immobilization of proteins and nanomaterials on glass was per-
formed in three steps ( Figure    1  ): (1) preparation of negatively 
charged glass surfaces by air plasma treatment (Figure  1 A); 
(2) quick assembly of amphiphilic layers of Vmh2 by the dip 
casting method (Figure  1 B1); (3) simple immobilization of pro-
teins (Figure  1 B) and nanomaterials (Figure  1 C) on the Vmh2 
substrate by microarray patterning or dip casting.  

 First, the use of highly homogeneous and chemically con-
trolled substrates is essential to develop standard procedures 
for surface adhesion of molecular layers. [ 74 ]  Air plasma can be 
used in surface technology to process glasses, highly oxidizing 
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 Figure 1.    General procedure for hydrophobin Vmh2-based glass slide 
functionalization (schematic representation, not to scale). A) 2 min 
plasma treatment of bare glass slides. B) Biofunctionalization of a glass 
slide with B1) Vmh2 layer by dip casting, B2) Alexa555–BSA by micro-
array patterning, and B3) anti-IgG antibodies by microarray patterning. 
C) Immobilization of nanomaterials with C1) graphene oxide by manual 
dip coating and C2) CdTe quantum dots by microarray patterning.
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a few monolayers of the surface and removing organic contami-
nants. Since Vmh2 in 60% ethanol solution is endowed with 
positive electrostatic potential (measured by electrophoretic 
mobility), [ 71 ]  negatively charged glass surfaces obtained by air 
plasma treatment were appropriate to enhance the studied 
protein binding. Moreover, given that the adhesion energy of 
the protein layer is dominated by hydrophobic and Coulombic 
charge interactions, [ 75,76 ]  the hydrophobin orientation will deter-
mine the effi ciency of immobilization of the interested mole-
cules to the modifi ed surface. 

 Precleaned glass slides (provided by two manufacturers), MI 
and MII, showed a water contact angle (WCA) of 18° ± 3° and 
31° ± 3° (mean ± standard deviation), respectively. Following 
2 min of plasma treatment, MI and MII were not distinguish-
able by WCA analysis, showing a very homogeneous superhy-
drophilic surface (WCA, <5°). 

 Second, the high wettable treated glass and the low sur-
face tension of the Vmh2 solvent (60% ethanol) allowed a thin 
liquid layer to be readily formed onto the whole top area of the 
slides, 18.8 cm 2 , upon casting 200 µL of 0–400 ng µL −1  Vmh2 
solutions. After only 2 min of incubation at room temperature, 
the excess of Vmh2 was washed out by 60% ethanol and the 
surface was dried in a stream of nitrogen. The analysis of the 
WCA showed a shift of ≈60° upon quick assembly of Vmh2 sat-
urating the surface by 100 ng µL −1  Vmh2 (see  Figure    2  ).  

 However, ≈80% of contact angle shift, 48° ± 2°, was reached 
using only 25 ng µL −1  Vmh2, corresponding to 270 ng cm −2  
of glass area. On the basis of the diameter of a globular mon-
omer of hydrophobin, ≈25 Å, [ 77 ]  (also equal to the thickness 
of a Vmh2 monolayer measured by atomic force microscopy 
(AFM)) [ 72 ]  and of the molecular weight of Vmh2, 8563 Da, [ 78 ]  
the estimated amount of Vmh2 required to form an ideal mon-
olayer is about 290 ng cm −2 . This value suggested that a Vmh2 
monolayer was formed, also considering the yield of the pro-
cess. For further experiments, a Vmh2 concentration of 50 ng 
µL −1  was used to optimize the cost effi ciency of the process, 
achieving ≈90% of surface saturation. 

 These results highlighted the ability of Vmh2 to self-
assemble into amphiphilic monolayers effi ciently modifying 
the wettability of surfaces. In fact, only 1 mg of Vmh2 was able 
to coat 100 slides (≈200 mg of Vmh2 can be extracted and puri-
fi ed from 1 L of fungal culture) in this process confi guration. 
The use of ordered monolayers of hydrophobin is most prob-
ably an ideal approach for surface adhesion applications since 
the orientation the hydrophobin can be more easily controlled 
in a monolayer than in a multilayer. 

 Remarkably, only 4 min were needed for biofunctionalized 
slide fabrication, the sum of net times for plasma treatment, 
and the Vmh2 self-assembling process. The electrostatic inter-
action between Vmh2 and the negatively charged glass surface, 
enhanced in lower polar solvent with respect to water, could 
play a key role in this rapid functionalization both increasing 
the local concentration of Vmh2 at the solid–liquid interface 
and driving the orientation of the amphiphilic hydrophobin 
molecules to form a highly ordered amphiphilic layer. 

 The proposed glass biofunctionalization was fast in com-
parison to standard chemical processes (≈13 h) and to rapid 
methods for fabrication of microarray substrates. [ 56 ]  Therefore, 
it was tested for nanomaterial and protein micropatterning/
immobilization. 

 Third, CdTe quantum dots and proteins were patterned 
by a microarray robot using a protocol originally reported for 
antibodies printing. [ 7 ]  The glass slides were masked using a 
multiwell microarray cassette to separate the surface in 24 
chambers (see Figure S1 in the Supporting Information). In 
each chamber, a block of up to 550 micrometric drops can be 
dispensed. Alternatively, up to 16 969 drops per slide can be 
dispensed in an ordered array of 71 columns and 239 rows in 
absence of mask. Another nanomaterial, GO, was deposited in 
a fi lm-like arrangement. In this case, a second homogeneous 
layer was assembled on the Vmh2 substrate and used for fur-
ther protein patterning. In any case, the functionalized surfaces 
were strongly washed in the presence of detergents, particularly 
Tween 20 at 0.05%, to test the stability of binding. Analysis of 
the results obtained by proteins, QDs, and GO immobilization 
is described in the following sections.  

  2.2.     Protein Immobilization 

 Vmh2–glass was tested for protein immobilization, and com-
pared with a commercially available aminosilane substrate as 
high-performance reference substrate for immobilization of 
antibodies. [ 79 ]  To evaluate protein adsorption and biofunction-
ality, two proteins, the fl uorescent Alexa555–BSA conjugate 
(A555B) and anti-immunoglobulin (IgG) antibodies (αIgG) dis-
solved in aqueous buffer, were micropatterned in microarray 
format as previously described, [ 7 ]  and, upon adsorption onto 
the Vmh2 substrate, washed with detergent solutions to test the 
binding stability. Morphology of immobilized A555B protein 
spots, signal to background, and coeffi cient of variation (CV) of 
fl uorescence intensity were evaluated (see  Figure    3  A).  

 Following the incubation of 750 µg mL −1  A555B (the effect 
of different A555B concentrations is shown in Figure S2 in the 
Supporting Information) and harsh washing by phosphate buff-
ered saline (PBS) supplemented with Tween 20 at 0.05% (v/v) 
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 Figure 2.    Optimization of superhydrophilic glass slide functionalization 
analyzed by WCA shift (mean ± standard deviation), which depends on 
Vmh2 concentration.
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(PBST), fl uorescence images of Vmh2–glass surface showed 
stably immobilized, circularly shaped spots, ≈75 µm radius. 
Moreover, the profi le of fl uorescence intensity (calculated over 
the surface area shown in the boxes, see Figure  3 A), evidenced 
a very high signal-to-background ratio when compared with 
the aminosilane standard. Notably, the very low background 
noise confi rmed the suitability of the surface functionalization 
by Vmh2 for optical applications, as previously tested. [ 67 ]  On 
the other hand, aminosilane exhibited higher binding affi nity 

(A555B was incubated at 200 µg mL −1  to reduce background 
noise), which resulted in a more homogeneous distribution 
of protein inside a spot, as evidenced by the intensity profi le. 
Additionally, the effect of the plasma pretreatment was tested 
on the two glasses, MI and MII (see Figures S2–S4, Supporting 
Information), showing that it effectively improves the signal to 
background indifferently from the type of glass used. 

 The consistency of the Vmh2 coating over the whole slide 
was evaluated comparing the CV of 180 spots intensities with 
the standard aminosilane substrate. A total number of 18 blocks 
per slide were printed, each block made of 10 spots for a total 
of 180 spots per slide in triplicate experiments (see the Experi-
mental Section for details of the statistical comparison). In this 
confi guration, inter-spot (spot-to-spot), inter-block (block-to-
block), and inter-slide (slide-to-slide) CV evidenced quite low 
signal variability on Vmh2 substrate (see Figure  3 A). 

 Further characterization was aimed at evaluating the bio-
logical function of the immobilized αIgG antibodies onto the 
Vmh2-coated glass slides for microarray applications in optical 
sensing. Incubation of αIgG was performed at the same con-
centration (500 µg mL −1 ) on both Vmh2 and aminosilane 
substrates. 

 Biological matrixes contain a myriad of biomolecules which 
could trigger an increase of background signal due to nonspe-
cifi c binding of such biomolecules. When particular biological 
matrixes are assayed, blocking buffers of different composi-
tions could be used to minimize the background caused by the 
aforementioned nonspecifi c binding events. Herein, prior to 
examination in a biological assay, a heterogeneous biological 
matrix (milk contained in blocking buffer, see details in the 
Experimental Section) was typically incubated on the function-
alized surface to saturate nonspecifi c binding sites, minimizing 
the ability of the surface to adsorb interfering biomolecules. 

 Then IgG detection was carried out according to the previ-
ously reported method [ 7 ]  in a microarray format (see Figure  3 B). 
Analysis of calibration curves showed that the Vmh2-coated 
slides, even 45 d after fabrication (see Figure S5 in the Sup-
porting Information), were comparable to the commercial 
standard.  

  2.3.     QDs Immobilization 

 In parallel to the successful use of organic synthesis for the 
preparation of QDs with complex core/shell structures, the 
aqueous route is a relatively cheaper and less toxic process. [ 80–82 ]  
Carboxylated CdTe QD nanocrystals were synthesized in our 
laboratory (see Figures S8–S10, Supporting Information) using 
a water phase route in the presence of surface stabilizers. Par-
ticles showed spherical shape, 4.28 ± 1.94 (mean ± standard 
deviation) diameter, light absorption from UV to visible, and a 
single fl uorescence peak centered at 660 nm (see Figure S11 in 
the Supporting Information). 

 Immobilization of QDs on the Vmh2–glass surface was 
performed as for proteins. Micrometric drops of 10 × 10 −6   M  
QDs dissolved in spotting buffer were patterned by the robot 
on the Vmh2 and aminosilane substrates, incubated overnight, 
and the surfaces were strongly washed by detergent-containing 
buffer. Fluorescence images of the slides’ surface were acquired 
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 Figure 3.    Micropatterning of proteins on Vmh2 hydrophobin-coated 
glass slides. A) Spot morphology and profi le of micropatterned A555B 
(excited at 532 nm) on both Vmh2-coated glass slides MI (750 µg mL −1  
A555B, 600 PMT gain laser scanner detector) and aminosilane substrate 
(200 µg mL −1  A555B, 500 PMT gain laser scanner detector), after washing 
by PBST. Inter-spot ( n  = 180 spots), inter-block ( n  = 18 blocks), and inter-
slide ( n  = 3 slides) CVs are indicated (details as given in the text). B) IgG 
detection in a microarray format. Comparison of aminosilane with Vmh2-
coated slides. Bars are representing the standard deviation of normal-
ized fl uorescence intensity (details as given in the Experimental Section). 
Detection curves are extrapolated by logistic fi tting.
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by laser scanner (excitation 635 nm/emission 675 nm) and ana-
lyzed to evaluate QDs’ immobilization (see  Figure    4  ).  

 Micrometric spots, ≈60 × 10 −6   M  radius, with excellent signal 
to background were stably adsorbed only on the Vmh2 sub-
strate, whereas only traces of QDs were immobilized on ami-
nosilane. Moreover, inter-spot, inter-block, and inter-slide CV 
evidenced that a quite good reproducibility of immobilized 
spots was achieved on the Vmh2 substrate. It is worth noting 
that nonoptimal excitation wavelength was used, constrained 
by the instrument coupled light emission fi lter. Nevertheless, 
by using a 90% photomultiplier gain, very good signal to back-
ground was obtained when compared with the aminosilane 
substrate (see Figure  4 ).  

  2.4.     Graphene Oxide Immobilization 

 Water-based dispersions of single-layer GO microsheets, with 
lateral dimensions ranging from 0.18 to 1.2 µm and showing 
a C/O ratio of around 1:1 (manufacturer’s data, approxi-
mate values), were casted onto the surface of Vmh2-coated 
glass slides, incubated for 10 min at different concentrations, 
0–0.8 mg mL −1 , washed 5 min in Milli-Q water, and dried in a 
stream of nitrogen. Since the GO particles are hydrophilic due 
to their oxygen-containing groups, the analysis of surface wetta-
bility offered a fi rst insight into the immobilization extent (see 
 Figure    5  A,B). Water drops showed both high reliable contact 
angles over the surface of the GO–Vmh2–glass and increased 
hydrophilicity as a function of the GO concentration.  

 On the one hand, GO is an attractive substrate for effi cient 
immobilization of active proteins, by direct adsorption on 
the large 2D surface functionalized with various oxygen-con-
taining moieties. [ 27,83,84 ]  On the other hand, GO is an excel-
lent quencher of fl uorescence; consequently, the GO–Vmh2–
glass surface was printed with the fl uorescent bovine serum 
albumin (BSA) spots as previously described spanning the 
protein, 7.5–750 µg mL −1  A555B, and GO concentration so as 
to further investigate the immobilization properties of the pro-
posed substrate (Figure  5 B). At the highest protein concentra-
tion, effi cient quenching was obtained upon incubation with 
0.4 mg mL −1  GO, as evaluated by the quantization of residual 
fl uorescence (Figure  5 A). Moreover, the wettability of the hybrid 
surface was appropriate for microarray patterning, even at the 
highest GO concentration tested (Figure  5 B). 

 GO–Vmh2 functionalized glass slides appeared transparent 
to the naked eye (Figure  5 D). Raman spectroscopy is a powerful 
technique for the analysis of graphene-related materials and their 
hybrid derivatives since scattering response can be observed even 
from one single sheet of graphene. Therefore, Raman analysis 
was used to compare GO binding effi ciency on bare glass, ami-
nosilane, and Vmh2-coated slides. High reproducible spectra (not 
normalized) were recorded in multiple positions of the Vmh2 
(Figure  5 C) and aminosilane (Figure S6, Supporting Informa-
tion) glass surfaces, showing the characteristic D (≈1340 cm −1 ), 
G (≈1600 cm −1 ), 2D (≈2680 cm −1 ), D+G (≈2940 cm −1 ), and 2G 
(≈3180 cm −1 ) bands. [ 85 ]  Conversely, when GO was tentatively 
immobilized on the bare glass slides, almost no Raman signal 
was detected (Figure  5 C). The stability of GO–Vmh2 layer was 
also tested. Raman analysis showed that the homogeneous layer 
was stably bound to Vmh2 substrate, even after vigorous washing, 
three times by PBST (Figure S7, Supporting Information). 

 Direct observation of the molecular assemblies was per-
formed by AFM imaging in air. Due to the glass roughness, 
mica was chosen as molecularly fl at highly hydrophilic sur-
face for Vmh2 self-assembling. Mica sheets, freshly cleaved 
by adhesive tape, were coated with 400 ng cm −2  Vmh2, and 
directly dried in a stream of nitrogen. Upon incubation with 
0.4 mg mL −1  GO, the surface was washed three times for 2 min 
in Milli-Q water and dried. AFM images showed that a homo-
geneous layer of arranged GO sheets was spontaneously self-
assembled on Vmh2 substrate (Figure  5 E).   

  3.     Conclusions 

 The Class I hydrophobin Vmh2, extracted from the fungus 
 P. ostreatus , self-assembles onto superhydrophilic glasses 
building highly homogeneous, transparent, and insoluble 
fi lms in 2 min. One milligram of Vmh2 can functionalize an 
extremely large surface area of glass such as 1880 cm 2 . It can 
be estimated that the surface is coated by a protein monolayer, 
which is a helpful strategy to control the orientation of the 
amphiphilic molecules and, therefore, its binding properties 
to the immobilized molecules and nanomaterials. The Vmh2 
substrate tunes the surface hydrophilicity (WCA 0°–60°) and 
shows “adhesive” properties allowing homogeneous immobili-
zation of micropatterned quantum dots and functional proteins 
or of a homogeneous second layer made of graphene oxide by 
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 Figure 4.    Micropatterning of quantum dots on Vmh2 hydrophobin-
coated glass slides. Spot morphology and profi le of micropatterned CdTe 
QDs (excited at 635 nm) on both Vmh2-coated slides and aminosilane 
glass slides (900 PMT), after washing by PBS–0.05% Tween 20. Inter-spot 
(180 spots), inter-block (18 blocks), and inter-slide (3 slides) coeffi cients 
of variation are indicated (details as given in the text).
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spontaneous adsorption. The molecular assemblies are stably 
immobilized onto the Vmh2 substrate even after harsh washes 
by detergent-containing solutions. It is likely that the Vmh2 
layer exposes assorted chemical functionalities besides the 
hydrophobic patches, which allow the interaction with the het-
erogeneous functional groups of immobilized proteins (acid, 
basic, and polar and hydrophobic aminoacids) and of both QDs 
(carboxyl groups) and GO (various oxygen-containing groups 
and hydrophobic islands). [ 86 ]  

 This novel glass substrate is also proven to be amenable 
for optical biosensing applications in the microarray format, 
showing comparable performances with the standard ami-
nosilane substrate in a sandwich immunoassay and low back-
ground fl uorescence upon laser excitation at 533 and 635 nm. 
Moreover, interfacing nanomaterials and proteins on this new 
nanoenabled support could provide advanced bioanalytical 
tools, [ 50 ]  and its use could be expanded to the study of nano-
material–cell interactions. [ 1–3,30,54,87,88 ]  The proposed glass 
nano biofunctionalization is easily scalable through the latest 
reported techniques, [ 56 ]  quick, and environmental friendly 
allowing a cost-effective modifi cation.  

  4.     Experimental Section 
  Extraction of Vmh2 from the Mycelium of P. ostreatus : White-rot fungus, 

 P. ostreatus  (Jacq.: Fr.) Kummer (type: Florida; ATCC No. MYA-2306) 
was maintained at 4 °C through periodic transfer on potato dextrose 

agar, Difco (BD Diagnostic Systems; Sparks, MD, USA) plates in the 
presence of 0.5% yeast extract, Bacto (BD Diagnostic Systems; Sparks, 
MD, USA). Mycelia were inoculated in 1 L fl asks containing 500 mL of 
potato dextrose broth (24 g L −1 ) supplemented with 0.5% yeast extract, 
grown at 28 °C in shaken mode (150 rpm). After 10 d of fungal growth, 
mycelia were separated by fi ltration through gauze, treated twice with 
2% SDS in a boiling water bath for 10 min, washed several times with 
water and once with 60% ethanol to completely remove the detergent. 
The residue was dried under nitrogen, grinded, and treated with 100% 
trifl uoroacetic acid (TFA) in an Elmasonic S30 water bath sonicator 
(Elma; Singen, Germany) for 30 min, and centrifuged (10 min at 
3200 g). The supernatant was dried and then lipids were extracted in 
a mixture of water–methanol–chloroform 2:2:1 v/v (5 min in the bath 
sonicator). After centrifugation, proteins appeared as a solid aggregate 
at the interface between the water–methanol and the chloroform phases. 
They were recovered by liquid phase removal. The aggregated protein 
was dried, treated with TFA for 30 min in the bath sonicator, redried, 
and dissolved in 80% ethanol. The sample was centrifuged (90 min at 
12 000  g ) and ethanol was removed from the supernatant under vacuum 
at 40 °C using a Laborota-4000 rotary evaporator (Heidolph; Schwabach, 
Germany), and the material was freeze-dried, treated with TFA as above 
described and redissolved in 60% ethanol. 

  Plasma Treatment of Glass Slides : Precleaned plain glass slides, MI 
and MII, 75 × 25 mm, were purchased from two different manufactures: 
Corning (Corning, NY, USA) and J. Melvin Freed (Perkasie, PA, USA), 
respectively. MI and MII were washed by isopropanol, dried in a steam of 
nitrogen, and treated for 2 min by air plasma, using a PDC-002 plasma 
cleaner (Harrick Plasma; Ithaca, NY, USA) 29.2 W radio frequency power, 
equipped with a RV3F vacuum pump (Edwards; Crawley, UK). 

  Microarray Reagents and Solutions : Glycerol, PBS, Tween 20, and milk 
powder were purchased from Sigma-Aldrich (Taufkirchen, Germany). 
Albumin from bovine serum Alexa Fluor 555 conjugate was purchased 
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 Figure 5.    Immobilization of graphene oxide on Vmh2 hydrophobin-coated glass slides. A) Optimization of GO immobilization carried out by 
monitoring surface properties relevant to microarray technology such as water contact angle and fl uorescence intensity of A555B spots (750 µg 
mL −1 ). B) Same as panel (A) with spot morphology using different A555B concentrations and the picture of water drops on functionalized glass. 
C) Raman spectra (raw data) of Vmh2-coated slides or bare glass slides incubated with 0.4 mg mL −1  graphene oxide and extensively washed with water. 
D) Appearance of a transparent glass slide functionalized by Vmh2 and GO. E) AFM image of a GO layer on Vmh2 functionalized MICA support and 
a schematic representation of functionalized glass slides.
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from Thermo Fisher Scientifi c (Waltham, MA, USA). Anti-IgG antibody 
and biotinylated detection antibody against IgG were acquired from 
Abcam (Milton, Cambridge, UK). Streptavidin–Alexa 647 was obtained 
from Invitrogen (Carlsbad, CA, USA). PBS with 2% (v/v) glycerol was 
used as spotting buffer. PBS supplemented with 5% (w/v) milk powder 
and 0.005% (v/v) Tween 20 was prepared as blocking buffer. PBS 
supplemented with Tween 20 at 0.05% (v/v) was used as washing buffer 
(PBST). PBS with 0.5% (v/v) Tween 20 containing 1% of BSA fraction 
V (w/v) was employed as immunobuffer. Water used to prepare the 
solutions was Milli-Q. Water-based dispersions of GO were purchased 
from Angstron Materials Inc. (Dayton, OH, USA). Quantum dot 
nanocrystals were synthesized and characterized in the laboratories 
(details as given in the Supporting Information). 

  Fabrication of the Antibody, A555B, and QD Microarrays : The capture 
anti-IgG antibody was spotted at 500 µg mL −1  and CdTe QDs at 
10 × 10 −6   M , over the Vmh2-coated glass or aminosilane glass slides 
(PolyAn; Berlin, Germany), in spotting buffer using Microgrid II robot 
(Digilab; Marlborough, MA, USA). A555B was spotted at 750 µg mL −1  
and 200 µg mL −1  on the Vmh2 and aminosilane substrates, respectively. 
Spotting was done at room temperature and at 40%–60% humidity. The 
average diameter of the printed spots was ≈150 µm for proteins and 
120 for QDs. After spotting, the slides were incubated at 4 °C overnight 
in a desiccated environment. The microarray slides were masked and 
divided by wells through a microarray cassette (Arrayit; Sunnyvale, CA, 
USA), and each well was washed three times with PBST (150 µL). 

  Microarray Slides Quantifi cation : The slides were examined through 
an AlphaScan microarray scanner 3.0 (Alpha Innotech Corporation; 
San Leandro, CA, USA) using two different excitation-laser/emission-
fi lter combinations (533exc/570em, or 635exc/670em, wavelength in 
nm units), depending on the explored fl uorophore/photoluminescent 
nanomaterial, and 10 µm resolution (lengths of pixel sides). 
Fluorescence images of slides were obtained and explored using the 
AlphaScan 3.0 application software and the signal-to-background profi le 
was measured using GenePix Pro 6.0 (Molecular Devices; Silicon Valley, 
CA, USA). The fl uorescence intensities of spots were estimated by 
measuring the mean intensities of all the pixels inside the area of the 
spot minus the median value of pixel intensities in the local background, 
excluding 3 pixels of the neutral zone surrounding these spots. The 
fl uorescence intensities of blocks (10 spots per block) were estimated 
by measuring the mean spots intensities, excluding the scattered point 
spots (spots in the fi rst and fourth quartiles); the same spots were used 
for the estimation of CV. The fl uorescence intensities over of whole 
slides (180 spots per slides printed in 18 blocks) were estimated by 
measuring the mean spots intensities, excluding high scattered spots 
(spots in the 1–10 percentile and in the 90–100 percentile); the same 
spots were used for the estimation of the CV. 

  Sandwich Immunoassay Microarray : According to the previous work, [ 7 ]  
the surface of slides with immobilized capture anti-IgG antibodies was 
saturated for 30 min with 100 µL blocking buffer. Subsequently, the 
masked slides were washed with PBST (100 µL per well, fi ve times) 
and the microarrays were incubated for 2 h with solutions of IgG 
analyte in immunobuffer (100 µL per well) at different concentrations 
(167–400 ng mL −1 ). The masked slides were washed with PBST (150 µL 
per well, fi ve times), incubated with biotinylated detection antibody 
(diluted in immunobuffer at 1.5 µg mL −1 ) for 1 h, and then rewashed with 
PBST (150 µL per well, seven times). The bound detection antibodies 
were conjugated (100 µL per well) with Streptavidin-Alexa 647 (diluted 
in immunobuffer at 0.4 µg mL −1 ) for 30 min. All incubations were 
performed with oscillatory agitation at 300 rpm in an MTS 2/4 digital 
microtiter shaker (IKA; Staufen, Germany). The masked slides were 
washed with PBST (150 µL per well, fi ve times), twice with PBS, and once 
with Milli-Q water. The slides were then unmasked, subsequently dried 
using a nitrogen stream and analyzed by fl uorescence imaging with the 
aforementioned scanner. The limit of detection (LOD) of the respective 
calibration curve was estimated as the sum of the mean fl uorescence 
intensity among the spots (incubated in the absence of IgG, excluding 
the spots in the fi rst and fourth quartiles) and three times the standard 
deviation: LOD = MFI (Q2;Q3) + 3SD (Q2;Q3). 

  Characterization Techniques : Contact angle was measured on a 
DSA25B drop shape analyzer (KRÜSS; Hamburg, Germany) equipped 
with a CS8420Ci CCD camera (Toshiba Teli, Tokyo, Japan). Images 
of sessile drops of 5 µL Milli-Q water, placed in 3–5 positions of 3–10 
slides, were analyzed with the software package (version 1.90.0.14, 
KRÜSS) using the tangent method. AFM measurements were performed 
on mica using a Nanoscope V Multimode8 AFM (Bruker, Germany) 
and Si cantilevers (SNL model,  k : 0.3 N m −1 , Bruker). The scanning 
probe microscopy was carried out at a scan rate of 1 Hz and 512 × 512 
pixel. Raman spectra were acquired using a Horiba Jobin Yvon LabRAM 
HR 800 (Kioto, Japan), 800mm focal length, 100× objective, and an 
excitation wavelength of 532 nm.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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