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An approach for controlled protein immobilization on laser-induced two-photon (2P) oxidation patterned

graphene oxide (GO) surfaces is described. Selected proteins, horseradish peroxidase (HRP) and

biotinylated bovine serum albumin (b-BSA) were successfully immobilized on oxidized graphene

surfaces, via non-covalent interactions, by immersion of graphene-coated microchips in the protein

solution. The effects of laser pulse energy, irradiation time, protein concentration and duration of

incubation on the topography of immobilized proteins and consequent defects upon the lattice of

graphene were systemically studied by atomic force microscopy (AFM) and Raman spectroscopy. AFM

and fluorescence microscopy confirmed the selective aggregation of protein molecules towards the

irradiated areas. In addition, the attachment of b-BSA was detected by a reaction with fluorescently

labelled avidin-fluorescein isothiocyanate (Av-FITC). In contrast to chemically oxidized graphene, laser-

induced oxidation introduces the capability for localization on oxidized areas and tunability of the levels

of oxidation, resulting in controlled guidance of proteins by light over graphene surfaces and progressing

towards graphene microchips suitable for biomedical applications.
Introduction

Graphene is a carbon allotrope, consisting of a monolayer of sp2

hybridized carbon atoms bound together in a honeycomb
lattice. Due to its mechanical, physicochemical, optical, elec-
tronic and biological properties, this two-dimensional (2D)
nanomaterial has attracted much attention in the biomedical
eld. Indeed, functionalized graphene-based nanostructures
have been already reported for tissue engineering, cancer
therapy, drug delivery, regenerative medicine, imaging, cyto-
toxicity and biosensing applications.1–5

Graphene and its derivatives (graphene oxide, GO, reduced
graphene oxide, rGO) can be prepared in a scalable and cost-
effective manner. They demonstrate a strong antimicrobial
activity and their amphiphilic nature allows conjugation with
biomolecules. At the same time, a high specic surface area
results in the enhancement of cell adhesion, proliferation and
in certain cases, cell differentiation.6–8 To this extent, graphene-
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based implantable materials have already led to advanced
therapeutic approaches by xing or replacing tissues and
organs damaged by accident or disease. Such sophisticated
bionic devices exploit the synergy of biology with electronics
(bioelectronics) and focus on restoring vision, treating spinal
cord injuries and ameliorating neurodegenerative diseases.9

Certain devices (neural interfaces) which have been already
clinically developed, consist of cortical electrodes, retina
implants, spinal cord and vagal nerve stimulators, deep brain
stimulation (DBS) and cochlear implants.10

In terms of biocompatibility, the response of the human
body towards injectable or implantable graphene-based mate-
rials is not yet fully understood. As different physicochemical
properties may generate different interactions with biological
systems, all implantable devices need to meet specic key
requirements such as minimal inammation, an adequate
signal-to-noise ratio and mechanical compliance towards the
affected tissues.10,11 Any chemical contamination during their
formulation process can cause adverse biological reactions
therefore, to minimize potential toxic effects, an effective ster-
ilization and depyrogenation procedure should be followed. In
addition, their stability and functionality need to be assessed
over time.12 Although the phenomenon of biocompatibility is
complex and its mechanisms not fully known, for those mate-
rials exposed to the human body, it is associated with the
adsorption of proteins on their surface.13
Nanoscale Adv., 2021, 3, 2065–2074 | 2065
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While working towards bioinspired surfaces, our study aims
at the preparation of biocompatible graphene-based micro-
chips, to induce graphene–cell interactions, as potential
implantable devices. Here, we describe the selective function-
alization of laser-induced GO patterns on graphene surfaces by
protein adsorption via non-covalent interactions.

Our protein models were HRP enzyme and b-BSA. HRP was
previously immobilized on GO sheets in aqueous suspensions
by Zhang et al.14 Based on their ndings, certain pH values
favoured either electrostatic interactions or hydrogen bonding,
when the pH was below or above the enzyme's isoelectric point
(pI ¼ 7.2), respectively. According to the authors, although
physical adsorption resulted in conformational changes of the
HRP molecule, its observed catalytic activity was mainly deter-
mined by the type of interactions with the GO sheets. In addi-
tion, loading the enzyme on GO sheets did not affect its activity,
provided that the surface of the sheets was not crowded, thus
allowing free diffusion of the HRP substrate and the respective
product molecules.

BSA is the most abundant protein found in the blood
plasma, while its adsorption over the surface of implantable
materials passivates the reaction of the human body.13 Huang
et al. reported that incubation of GO with 10% fetal bovine
serum reduced signicantly its cytotoxicity.15 Furthermore, in
silico studies based on BSA's adsorption over graphene, showed
that free adsorption occurred with little structural rearrange-
ments.16,17 In contrast, forced adsorption simulations led to
orientations capable of preserving the structural properties of
the majority of the protein's binding sites. Herein, we used the
biotinylated derivative (b-BSA) due to its high affinity towards
avidin to detect its immobilization by the reaction with the
uorescently labelled Av-FITC.

In our case, the immobilization of proteins is based on non-
covalent interactions by immersion of the laser-patterned
microchips into protein solutions. In contrast to covalent
binding, supramolecular forces maintain the structure and the
properties of graphene. Physical adsorption is caused by weak
interactions among graphene and proteinmolecules, such as H-
bonding, van der Waals forces, hydrophobic, electrostatic and
Fig. 1 Graphene microchip and depiction of the matrix of squares after
SiO2 microchip bearing a monolayer of graphene on top with given dime
area (matrix of squares), using a range of laser pulse energies and durati

2066 | Nanoscale Adv., 2021, 3, 2065–2074
aromatic–aromatic (p–p stacking) interactions. It is of note that
such forces depend on the morphology and hydrophobicity of
the GO surface. Additionally, physical adsorption is mainly
hydrophobic in nature due to the sp2 hybridization of carbon
atoms within the honeycomb lattice, and it depends on both the
electron density and geometry of the protein molecules. By
adapting their shape, proteins orientate their aromatic residues
accordingly, resulting in stronger p–p stacking with
graphene.18,19

In this study, the focus is on the topography of the protein
molecules rather than their functionality, therefore the catalytic
activity of the immobilized HRP enzyme was not assessed. A
range of different conditions for the irradiation process and
adsorption protocols were used to introduce tunability in
protein functionalization and investigate any consequently
generated defects upon graphene. The methodology presented
here can be used to selectively localize various proteins on
graphene, which is highly benecial for the development of
bioinspired graphene devices suitable, for example, in virus
detection,20 electrochemical catalysis21 and cell/tissue adhesion.
Results and discussion
Raman and AFM assessment of oxidized graphene and
protein immobilization

We used a set of squared silicon chips (7 mm � 7 mm) con-
sisting of a 300 nm upper layer of SiO2 and a monolayer of
graphene on top (5 mm � 5 mm). A reference metal grid was
prepared on the surface of graphene, to ease exposure of the
oxidation patterns by laser-induced 2P oxidation.22–24 Details of
the microchip preparation and its full characterization are
described in our previous studies.25 Graphene was irradiated
using a range of laser pulse energies (5 to 30 pJ) and duration of
irradiation from 0.2 up to 1.5 s per spot, to assess its effect on
the level of oxidation and optimal conditions for protein
adhesion. The matrices of squares with sizes �2 � 2 mm2 were
patterned by step-by-step irradiation with steps of 0.1 mm and
laser spot diameter of �0.6 mm (Fig. 1).
irradiation. (A) Schematic representation and (B) optical images of a Si/
nsions of the pattern grid; (C) AFM height sensor image of the irradiated
on of irradiation; the field of view (FOV) is 22 � 22 mm2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Evaluation of laser induced 2P oxidation of a microchip prior to the treatment with protein solutions. (A) AFM height sensor image of the
irradiated microchip with designated oxidized areas (red frame and orange arrows); (B) Raman map showing integrated intensity in the D band
area at �1350 cm�1. Height distribution profiles of the designated areas; (C) increased duration of irradiation (0.05–1.5 s, orange arrows); (D)
increased laser pulse energy (5–30 pJ, red frame). Raman spectra of the designated irradiated and non-irradiated (denoted by the asterisk) spots,
normalized with respect to the Si band intensities; (E) increased pulse energy at a constant irradiation of 1.5 s; (F) increased duration of irradiation
at a constant pulse energy of 25 pJ.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:1

2:
00

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
When comparing the height distribution proles of the
irradiated graphene squares before any treatment with protein
solutions, it was evident that an increase of the laser pulse
energy (from 5 to 30 pJ) for the same irradiation time (1.5 s)
resulted in higher height proles for the corresponding gra-
phene spots (Fig. 2-D; irradiated area within the red frame).

On the other hand, when increasing the irradiation time
(from 0.05 to 1.5 s), no signicant increase in height was
noticed for higher pulse energies (30 and 25 pJ). In contrast, for
lower energies (20 and 15 pJ), the difference in heights wasmore
profound (Fig. 2-C; irradiated areas marked by the orange
arrows). The observed differences in height indicate a different
level of graphene oxidation achieved by laser-induced oxidation,
as stated in our previous studies.22 In addition, Raman
measurements of the oxidized samples showed that the inten-
sity of the D band and interestingly that of G were increasing by
irradiation (in all times ID > IG). The G band frequency was
slightly shied towards higher wavenumbers (blue-shied)
which denotes a signature of oxidized graphene.
The effect of laser oxidation on HRP immobilization

A combination of different laser pulse energies and irradiation
times allowed us to assess the effects of different levels of gra-
phene oxidation on protein adhesion and consequently defects
upon the graphitic lattice, induced by protein immobilization. A
microchip sample was therefore incubated in HRP solution for
one hour, and AFM images and Raman spectra were recorded
prior and aer incubation.

The topographic height proles of the irradiated squares
veried an increase in height from 2 nm to almost �7 nm aer
HRP adhesion (Fig. 3). A dense aggregation of enzyme
© 2021 The Author(s). Published by the Royal Society of Chemistry
molecules was observed in the middle and over the edges of
each irradiated square. For such a short incubation time (1 h)
there were no signicant differences among the observed height
proles for the squares irradiated by intense pulse energies (30
and 25 pJ). For moderate pulse energies (20 and 15 pJ), however,
HRP adhesion was denser when irradiation time had been
longer. This suggests that both the irradiation conditions and
the incubation time may affect protein adhesion, vide infra.

In contrast to the height proles, the Raman spectra
appeared both qualitatively and quantitatively different
regarding the given irradiation conditions (Fig. S1–S3 and
Tables S1–S3†). As anticipated, the intensity of the G and 2D
bands were prominent for all non-irradiated graphene areas. In
contrast, for the oxidized areas, both D and G peaks were more
intense compared to the 2D vibrational mode. It is of note that
the position, intensity and full width at half maximum (FWHM)
of the 2D and D + D0 peaks were changing depending on the
used irradiation conditions.

Furthermore, less intense peaks of the D0 at�1620 cm�1 and
G* at �2460 cm�1 were also observed. The D0 band appeared as
a shoulder of the G peak in the spectra of graphene squares
irradiated under moderate conditions (15 and 20 pJ/irradiation
time over 0.5 s). For the regions treated with an increased laser
pulse energy and irradiation time (25 and 30 pJ/irradiation over
1.5 s), both peaks merged into a broader band (Fig. S1–S3†). On
the other hand, for the non-irradiated graphene regions, the G*
peak was observed at a very low intensity.

The D or disorder-induced band usually ranges at �1250–
1450 cm�1 and is indicative of lattice defects or appears near the
edges of graphene. It originates from an intervalley process by
the transverse optical phonons and associates to the breathing
Nanoscale Adv., 2021, 3, 2065–2074 | 2067
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Fig. 3 Evaluation of laser pulse energy and duration of irradiation upon protein adhesion. AFM height sensor images of the microchip, before (A)
and after (B) HRP adhesion; (C) topographic height profiles of a designated area (yellow frame) before and after functionalization; (D) HRP
aggregation towards themiddle and over the edges of the squares, irradiated by laser pulse energy of 25 pJ at different durations (red arrows and
corresponding height profiles).

Table 1 Observed downshifts of the Raman bands after HRP adhe-
sion. Shifts were calculated based on the position of the peaks ob-
tained by the Lorentzian function fitting procedure

Conditions

Red shi (cm�1)

D G 2D

Increased pulse energy (pJ)/constant irradiation time of 1.5 s
30 4.2 0.8 8.8
25 5.3 1.0 9.7
20 6.1 13.6 11.2
15 7.4 14.0 14.4

Increased irradiation time (s)/constant pulse energy of 25 pJ
1.5 4.7 1.1 4.3
1.0 5.2 2.3 8.3
0.75 6.5 4.9 12.8
0.5 7.4 12.8 13.5

Non-irradiated spots
Spot 1 4.2 3.7 6.5
Spot 2 4.6 4.2 5.2
Spot 3 3.2 2.4 2.8
Spot 4 3.7 5.0 7.2
Spot 5 2.5 3.9 4.3
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oscillation of the six-membered ring due to the presence of
structural defects. The G or graphitic vibrational mode appears
at �1580 cm�1 and is due to the in-plane motion of the sp2

hybridized carbon atoms (bond stretching). The less intense D0

peak usually appears as a shoulder of the G band and is asso-
ciated with lattice defects. The G* band can be attributed to two
different time-order phonon processes, a combination of
transverse optical and longitudinal acoustic phonons.26 The 2D
vibrational mode, an overtone of the D band, appears near
2700 cm�1 and is a second-order, two phonon, double reso-
nance process. The D + D0 located near 2900 cm�1 is a combi-
nation of defect activated phonons related to the D and D0

vibrations.27–30

For all studied cases (irradiated and non-irradiated gra-
phene), the Raman bands were shied towards lower wave-
numbers aer HRP adhesion. The observed downshi was
quantitatively different for each peak. One of our main ndings
is that a signicant downshi was evident for areas irradiated
under less intense conditions (laser pulse energy of 15 and 20 pJ
for a duration of 1.5 s), especially for the G and 2D bands
(Table 1 and Fig. 4). Whenmore intense irradiation was applied,
however, not any notable shi was observed for the G band in
contrast to the 2D peak, which appeared notably shied aer
functionalization. In addition, the shi of the D band was
smaller in areas treated under intense pulse energy, following
the same pattern as above (Fig. S1–S3†).

For more intense irradiation conditions (laser pulse energy
of 25 and 30 pJ/irradiation time > 1.0 s), our observations
2068 | Nanoscale Adv., 2021, 3, 2065–2074
indicate that the defects on the graphitic lattice, caused by laser-
induced oxidation, generated a strong Raman ngerprint.
Therefore, the weak supramolecular interactions, induced by
HRP adhesion, when added to the overall number of defects
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Observed Raman shifts. AFM height sensor images of the
microchip, depicting the designated areas before (A) and after (B) HRP
adhesion. (C) Raman spectra recorded prior and after HRP adhesion.
Moderate irradiation conditions: laser pulse energy of 15 and 20 pJ and
duration of irradiation of 1.5 s; all spectra are normalized with respect
to the Si band intensities.

Fig. 5 2D vs. G Raman band position plot. The green line shows the
effect of pure strain without doping, and the red line the effect of
doping without strain. The blue line shows a case of changing doping
with constant �0.05% biaxial strain. Symbols show measurement
points in different places on the sample. The blue triangle represents
measurements from spots irradiated by constant 25 pJ pulse energy
before HRP adhesion and green triangles after HRP adhesion. Black
squares represent measurements from spots irradiated by different
pulse energies (30–15 pJ) with a constant 1.5 s exposure time before
functionalization and red circles after functionalization. Purple dia-
monds refer to non-irradiated graphene before functionalization and
yellow triangles after.
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were not strong enough to cause signicant changes at the
spectroscopic features of the densely deformed graphene areas
and thus causing a smaller downshi. Furthermore, for any
specic irradiated spot on the lattice, the Raman vibrational
modes originate by different phonon processes and therefore
respond to a different extent towards the applied supramolec-
ular forces.

Similar shis caused by strain on the graphitic lattice have
already been reported.31,32 In a previous case, the deposition of
gold nanoparticles (GNPs) on graphene resulted in the whole
Raman spectrum to downshi.33 More specically, the shi of
the 2D peak (�6 cm�1) was more signicant than that of the G
band (�3 cm�1). In the attempt to explain the observed down-
shi, a model of local strain was proposed, generated by the
charge transfer among GNPs and graphene. Regarding our
sample, the observed downshi of the G and 2D bands could be
associated to both strain and doping effects due to charge
transfer from the protein to graphene. Based on Ferrari et al.,
a downshi for both bands would indicate a decrease of positive
doping.34,35 In general, for strained or doped graphene, both the
G and 2D bands are shied. Depending on its origin, such
shiing is slightly different, which makes it possible to differ-
entiate their contributions. We, therefore, calculated the level of
strain and doping from the obtained Raman data (Fig. 5, S4 and
S5†)36–39 following a methodology described by Lee et al.36

Non-irradiated graphene is initially p-type doped (about 0.35
eV) because of annealing enhanced graphene/SiO2 substrate
conformity, which is the case for all our graphene samples on
SiO2 substrate. Laser-induced oxidation does not seem to
change the doping substantially, and the change is in different
directions at the different irradiated spots as can be seen by the
© 2021 The Author(s). Published by the Royal Society of Chemistry
Fermi level plots (black squares, Fig. S4 and S5†). HRP adhesion
(red circles, Fig. S4 and S5†) does not change the doping
signicantly for most of the patterns. However, in those squares
where it does (15 and 20 pJ laser pulse energy; Fig. S4-A†/irra-
diation over 0.5 s; Fig. S5-A†), the change is large, and the
doping is almost neutralized. It changes from �0.35 eV to
�0.05 eV but still remains p-type.

According to the applied experimental conditions, the HRP
molecules were positively charged as we adjusted the pH of the
phosphate buffer solution slightly below the pI (7.2) of the
enzyme. Our intention was to induce coulombic forces between
the protein molecules and GO. Albeit a dense aggregation of
HRP was observed by AFM upon the irradiated areas, the
enzyme interacted with the whole graphitic surface. Indeed, the
non-irradiated spot 4 (pristine graphene, Fig. S3†), although
positioned far from any irradiated areas, showed a similar
downshi pattern to the irradiated areas aer the functionali-
zation process. However, the magnitude of the shi was
smaller. The differences in shiing among the irradiated and
non-irradiated regions of graphene can only suggest differences
in the type of supramolecular interactions (electrostatic forces
or hydrogen bonding) between the protein molecules and the
graphitic lattice.

For the non-irradiated spots and those oxidized under
moderate conditions, a sharp 2D band was present before and
aer HRP adhesion. For regions bearing denser deformities,
however, the sharp 2D band was signicantly broadened.
According to Ferreira et al., an increase of the lattice defects
leads to an increase in the intensity of the defect activated
bands. In contrast, for denser deformities, the 2D band is
suppressed as the honeycomb graphene network is disturbed.40
Nanoscale Adv., 2021, 3, 2065–2074 | 2069
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This explains the increase of the FWHM of the 2D peak and
other defect activated bands (D and D + D0) towards regions
oxidized under more intense conditions. Therefore, for irradi-
ation time of 1.5 s and pulse energy ranging from 15 pJ to 30 pJ,
the FWHM of the D and 2D bands was increased by 56 and
170 cm�1 accordingly, while the D + D0 vibrational mode was
visible only at regions bearing denser deformities. Similarly, by
increasing the irradiation time from 0.5 s to 1.5 s under
constant pulse energy of 25 pJ, the FWHM of the D, 2D and D +
D0 bands increased by 18, 99 and 25 cm�1 respectively.

The effect of HRP immobilization on GO was further
assessed by comparison of the ID/IG ratio before and aer the
functionalization of the microchip (Fig. 6). Signicant changes
in the ratio values were noticed only over the areas of graphene
oxidized under moderate conditions. For a constant irradiation
time (1.5 s), the highest difference in the ID/IG ratio was spotted
at areas treated with the lowest laser pulse energy (15 pJ). The
ratio increased from 1.29 to 2.16, whereas minor changes were
observed as the pulse energy increased. For those regions
treated with constant pulse energy (25 pJ) over different irradi-
ation times, the alterations in the ID/IG ratio were signicant at
0.5 s of irradiation.

Differences in the ID/IG ratio related to differences in doping
have been previously reported. In their work, Ferrari et al.
Fig. 6 ID/IG ratios prior and after incubation of the microchip in HRP
solution. AFM height sensor image of the microchip, before (A) and
after (B) HRP adhesion with designated areas. The blue spot is non-
irradiated graphene. (C) Ratio values correspond to graphene squares
(red frame) irradiated at a constant duration of 1.5 s over a range of
pulse energies (top plot) and those squares (yellow frame) irradiated at
a constant pulse energy of 25 pJ over a range of time durations
(bottom plot).
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describe how the intensity of the D band decreases as doping
increases.35 In our case, the same observation applies; the
intensity of the D band is increased when doping is decreased,
which explains the increase in ID/IG ratio. Such a result denotes
that although HRP adhesion introduces defects upon the gra-
phene monolayer, these are noticeable at a different extent,
depending on the initial deformities achieved by laser-induced
2P oxidation. In other words, the weak supramolecular inter-
actions between the enzyme and GO surface are notably visible
when the deformities over the lattice of graphene are less dense.
The effect of incubation cycles on HRP immobilization

A secondmicrochip was successively incubated in HRP solution
for 1, 2 and 3 h, respectively, (totally 6 h of incubation) to
investigate potential concentration and sample handling effects
on protein immobilization. The enzymatic solution was diluted
to a quarter of the initial concentration, AFM height sensor
images were captured aer each incubation cycle, and Raman
spectra were recorded prior any treatment and aer function-
alization (Fig. 7).

For a selected area of graphene, irradiated by 15 pJ for
different lengths of times, the 2P oxidation process increased
the height of the irradiated squares up to 1–1.5 nm in a homo-
geneous manner. Aer two cycles of incubation (totally 3 h of
treatment), the designated squares increased their heights due
to protein adhesion. Based on the topographic height proles,
a denser accumulation of the enzymemolecules was observed at
the centre and over the edges of each square. A third incubation
cycle for 3 more hours (totally 6 h of treatment) resulted in
heights up to 15 nm. It is of note that for an increased irradi-
ation time (1.5 s) the same aggregation pattern was observed.
For shorter irradiation times (0.75–1.25 s), however, HRP
enzymes immobilized upon the surface of the squares almost
evenly.

To ensure that the observed changes in height and the
topography of HRP enzyme are not related to non-specic
adsorption of the buffer solutes, we compared the height
prole of a non-irradiated area of the microchip aer each
incubation cycle. Indeed, no changes in height were present
aer 6 h of treatment, indicating the absence of HRP molecules
upon pristine graphene (Fig. S6†). In addition, although scan-
ning electron microscopy (SEM) images of the microchip
showed the deposition of crystals on its surface, their shape was
rather distinct and could not be related to immobilized HRP
(Fig. S6-D†).

Further to this, we generated histograms corresponding to
the topographic height proles of the irradiated area (Fig. 7-A)
by using the depth function of Nanoscope analysis soware
(Fig. S7-C†). The x axis of each histogram represents the
measured heights from the AFM height sensor channel versus
the percentage of data points (y axis) related to the corre-
sponding heights. Before treatment, two distinct peaks are
visible (black histogram). By comparison to the AFM height
sensor image (Fig. 7-A and B) it is evident that the peak at
�0 nm corresponds to non-irradiated graphene while the peak
at �0.5 nm to oxidized graphene. Aer each incubation cycle,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Incubation studies in HRP solution. (A) AFM height sensor
images of a selected area at different cycles of incubation. Graphene
was irradiated by laser pulse energy of 15 pJ at different time durations;
(B) topographic height profiles of the designated area after 3 and 6 h of
incubation; (C) Raman spectra of a selected irradiated square (orange
frame) before and after functionalization. All spectra are normalized to
the Si bands intensity.
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both peaks were broadened (blue and red histograms) while
a notable shi was observed for those peaks related to irradi-
ated graphene. Indeed, shiing denotes an increase of height (x
axis values) by increasing the time of incubation from 3 h (4 nm)
to 6 h (10 nm). Prior treatment, two distinct height levels (x axis
values) are observed and almost all data points (y axis) fall
within this range. The broadening of the peaks aer each
incubation cycle, suggests the preference of HRP molecules to
immobilize upon irradiated graphene resulting in a rougher
surface with variations in height. The shiing towards
increased heights (x axis) supports the increased deposition of
HRP molecules.

To relate the successive incubation cycles with the formation
of multiple HRP layers upon irradiated graphene (measured
heights, Fig. 7-B) we took into account the dimensions and
hydrophobic–hydrophilic distribution of the enzyme itself
© 2021 The Author(s). Published by the Royal Society of Chemistry
(Protein Data Bank ID, 1HCH).41 Assuming that the GO–HRP
interaction is mostly electrostatic then one could expect that
regions with a higher amount of hydrophilic amino-acids will
be more prone to adsorption. According to the measured height
proles (Fig. 3-C, S8-A†) the nominal height of immobilized
HRP in a single layer should be around 3 nm (�0.6 nm owing to
the deformation-induced upon AFM indentation). Based on our
ndings, aer 3 h of incubation 1–2 layers of the enzyme seem
to have been deposited (1 nm + 3 nm) while aer 6 h, 3–4 layers
(Fig. S8†).

Aer 6 h of incubation, the Raman spectra showed a signif-
icant decrease in the intensity of the D and G bands (ID > IG in
both cases). Also, the initial broad G band appeared rather
sharp aer 6 h of treatment, bearing the D0 peak as a shoulder,
while the 2D signal increased its intensity almost to that of the
G band (Fig. 7-C). The ID/IG ratio values, prior and aer HRP
adhesion were 2.28 and 1.85, respectively, which suggests an
increase in doping aer 6 h of treatment. Finally, a downshi
was also observed which was qualitatively different for all peaks
(D: 3.5 cm�1, G: 5.7 cm�1, 2D: no shi observed, D + D0:
5.6 cm�1) showing the presence of strain and/or doping effects
due to charge transfer over the graphitic lattice.

In contrast to shorter incubation times (1 h, rst microchip),
additional immersion cycles in HRP solution (second micro-
chip) increased further the height of the irradiated squares,
indicating a denser aggregation of proteins. The differences in
Raman spectroscopy between the two microchips suggest that
the initial incubation cycles favoured interactions among the
protein molecules and graphene. Indeed, the induced supra-
molecular forces had an immediate structural effect on the
graphitic lattice, which was reected by the outstanding vibra-
tional responses (i.e. downshiing) of the Raman peaks (rst
microchip). Depending on the type of interactions (i.e. electro-
static or hydrogen bonding), graphene is affected either by
charge transfer and/or mechanical deformations, leading to
different phonon processes. A denser accumulation of enzyme
molecules through additional incubation cycles (second
microchip), favours intermolecular interactions, causing minor
effects on the graphitic lattice. This hypothesis is justied by the
smaller downshiing before and aer functionalization. In
addition, the moderate changes in the Raman spectra can be
attributed to the reduced concentration of HRP used during the
treatment of the second microchip.
Detection of b-BSA/Av-FITC attachment by uorescence
microscopy

In our attempt to visualize the topography/selective aggregation
of protein molecules over irradiated graphene, a third micro-
chip was initially treated with a b-BSA solution and reacted
thereaer with uorescently labelled Av-FITC, before imaging
by uorescence confocal microscopy. Using ImageJ soware, we
analysed the obtained red, green, blue (RGB) colour image and
generated the given grayscale plot proles of the selected areas
of the microchip (Fig. 8). The surface plot displays the intensity
of light which reects from the chosen areas, designated by the
dashed lines. It denes the brightness of the pixels along the
Nanoscale Adv., 2021, 3, 2065–2074 | 2071
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Fig. 8 Evaluation of the b-BSA/Av-FITC topographic immobilization
by fluorescence microscopy. (A) Fluorescence microscopy image of
the microchip after treatment with given oxidation parameters; (B)
grayscale surface plot profiles corresponding to constant laser pulse
energies of 30 and 10 pJ; (C) grayscale surface plot profiles corre-
sponding to constant irradiation times of 1.5 and 0.2 s.
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drawn lines and relates to the number of immobilized protein
molecules. The denser the protein aggregation, the higher the
grayscale value is.

The black and yellow horizontal lines correspond to gra-
phene treated by a constant pulse energy of 30 and 10 pJ
respectively, over a range of irradiation times (0.2–1.5 s). The
red and blue vertical lines represent graphene irradiated for 1.5
and 0.2 s respectively, at a range of laser pulse energies (30–10
pJ). From the plot, it is evident that for intense oxidation
conditions (higher pulse energy and longer irradiation time), b-
BSA adhered on graphene almost evenly (black and red plots).
On the other hand, for moderate oxidation conditions, the
intensity varies. The intensity is reaching the highest values on
the grayscale when higher pulse energies (30 and 25 pJ) are used
2072 | Nanoscale Adv., 2021, 3, 2065–2074
over short irradiation times (blue plot) and when longer irra-
diation is applied (1.5 to 0.8 s) at lower energies (yellow plot).

As the protein carries a net negative charge at the used pH
value (7.3), it was expected to adhere less upon areas bearing
a high surface density of oxygen-containing groups due to
electrostatic repulsion. The experimental results, however, can
be attributed to the induced coulombic forces between the
negatively charged GO and the positively charged amino acids
of b-BSA (lysine, histidine).42 This also explains the poor adhe-
sion of protein molecules over graphene areas irradiated under
moderate conditions hence bearing a lower surface density of
oxygen functional groups.

The functionalization of graphene surfaces by proteins
expands the potential of the microchips towards applications in
biomedicine, such as in biosensors, drug delivery systems and
immunological assays. In comparison to the existing patterning
technologies,43,44 laser-induced oxidation introduces tunability
on protein adhesion by controlling the levels of oxidation. In
other words, proteins can be guided over graphene surfaces by
light. Sequential irradiation of different areas followed by the
immobilization of proteins can be used to functionalize chips
with multiple proteins, localized in separate regions. Since the
selective immobilization of proteins is based on non-covalent
interactions, our approach does not require the addition of
chemicals or the use of chemical masking techniques resulting
in a facile and free from chemical contaminants patterning
method.
Conclusions

We studied protein adhesion upon laser-induced GO patterns.
Our key observations are: (i) by modication of the irradiation
conditions we introduced tunability of the levels of graphene
oxidation and hence induced the selective immobilization of
protein molecules; (ii) the type of protein, its concentration,
incubation time and pH value of the buffer solution have an
immediate effect on physical adsorption; (iii) any consequent
deformities upon the graphitic lattice due to protein adhesion
are notably visible by Raman spectroscopy over areas oxidized
under moderate conditions; (iv) we facilitated a Raman spec-
troscopic ngerprint of protein adhesion and observed the
topography of protein immobilization by AFM and uorescence
microscopy.

Working towards bioinspired graphene surfaces, we can
control the topography of protein immobilization by laser-
induced oxidation in contrast to chemically oxidized gra-
phene. Our methodology has a high potential for advancing the
development of bioelectronic devices and sensors, for example,
via the selective immobilization of antibodies on active sensor
areas.
Materials and methods
Material

Horseradish peroxidase, HRP (type VI, $250 units per mg
solid), biotinylated Bovine Serum Albumin, b-BSA (A8549) and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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avidin-uorescein isothiocyanate, Av-FITC from egg white
(A2901) were purchased from Sigma Aldrich.

Preparation of protein solutions

HRP solutions were prepared in phosphate-buffered saline, PBS
(0.0754 M Na2HPO4$2H2O, 0.0246 M NaH2PO4$2H2O, pH 7.1)
with nal concentrations of 2.5 units per mL or 10 mg mL�1 and
0.625 units per mL or 2.5 mg mL�1. b-BSA and Av-FITC solutions
were prepared in PBS (137 mmol L�1 NaCl, 2.7 mmol L�1 KCl,
10 mmol L�1 Na2HPO4, 2.0 mmol L�1 KH2PO4, pH 7.3 pH) at
nal concentrations of 10 mg mL�1 and 80 mg mL�1 respectively.

Immobilization of HRP enzyme

The microchip was immersed in HRP solution (2.5 units per
mL) for 1 h at 0 �C. The graphene surface was then extensively
washed with PBS solution (pH 7.1) and MilliQ water before
dried under the stream of N2 gas. A lower concentration of the
enzyme was used (0.625 units per mL) to assess concentration
and immersion timing effects on HRP adsorption. The micro-
chip was therefore immersed into HRP solution for 1, 2 and 3 h
respectively. Aer each immersion cycle, washings were per-
formed using PBS solution (pH 7.1) and MilliQ water followed
by drying.

Immobilization of b-BSA and binding with Av-FITC

The microchip was immersed in b-BSA solution (10 mg mL�1) for
24 h at r.t. The graphene surface was washed with a PBS solution
(pH 7.3) and MilliQ water to remove unbound proteins. The chip
was then dried under a stream of N2 gas before it was immersed
for a second time into an Av-FITC solution (80 mg mL�1) for 1 h at
r.t. Excess of Av-FITC was removed by PBS solution and water
washings followed by drying.

Instruments

Oxidized patterns were curved on graphene monolayer by irradi-
ation with 515 nm focused femtosecond laser in the ambient
atmosphere (pulse duration 250 fs, repetition rate: 600 kHz). A
home-built Raman setup was used for mapping and spectra
acquisition, as previously described.22,45 The laser power of 0.250
mW and 532 nm of excitation was utilized, the exposure time was
set at 10 s andmapping was conducted in a 25� 25 mm area. AFM
imaging was carried on a Bruker Dimension Icon atomic force
microscope, using Peak Force Tappingmode. ScanAsyst-Air probes
from Bruker were used during imaging with the peak force set to
2.0 nN. All AFM images were processed with NanoScope Analysis
1.9 soware. Images of the height channel were smoothed with
a Gaussian low-pass lter to suppress noise to generate 3D struc-
tures. Fluorescence imaging was performed on a Nikon A1R laser
scanning confocal microscope. Images were acquired by using
argon laser excitation at 488 nm and a 512/30 emission lter for
detection. All images were processed with Fiji2 soware.

AFM and Raman analysis

The height distribution prole of the functionalized surfaces was
evaluated by PeakForce tapping (PFT) mode AFM.46 The irradiated
© 2021 The Author(s). Published by the Royal Society of Chemistry
graphene surfaces were visualized by Raman mapping of the
integrated intensity of the D band, while Raman spectra were
recorded for all samples at selected spots (irradiated and non-
irradiated). By comparison of the vibrational response of the gra-
phene surfaces before and aer protein adhesion, we attempted to
facilitate a spectroscopic ngerprint of the functionalized areas.
Both rst (1050–1750 cm�1) and second (2400–3100 cm�1) order
scattering spectral regions were evaluated prior and aer protein
functionalization to assess potential defects on the lattice of gra-
phene. Our study focused on features such as the position,
intensity and displacement of the recorded bands, the ID/IG ratios
and the FWHM of the vibrational modes which were quantied by
the Lorentzian function tting procedure.

To calculate the level of strain and doping, the sensitivity
factors we used were (Du2D/DuG)

hole
n ¼ 0.7 and (Du2D/DuG)

biaxial
3 ¼

2.63. Doping was estimated simply by n ¼ (EF/(ħnF))/p, where n is
carrier concentration, EF Fermi energy and nF Fermi velocity. The
shi of the G band frequency is given byDuG¼ EF� 42 cm�1/eV.37

The effect of strain on the G band frequency was estimated with
a sensitivity factor of �69.1 cm�1/%, which is an average value
derived from previous studies.36–39 The point of zero doping and
strain we used in calculations was 1581 cm�1 (G band frequency)
and 2671 cm�1 (2D band frequency) (Fig. 5, S4 and S5†).
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