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Femtosecond pulsed laser two-photon oxidation (2PO) was used to modulate protein adsorption on
graphene surfaces on a Si/SiO, substrate. The adsorption behavior of calmodulin (CaM) and a muscarinic
acetylcholine receptor (mAchR) fragment on pristine (Pr) and 2PO-treated graphene were studied, utilizing
atomic force microscopy and infrared scattering-type scanning near-field optical microscopy for
characterization. The results showed that proteins predominantly bound as a (sub-)monolayer, and
selective adsorption could be achieved by carefully varying graphene oxidation level, pH during
functionalization, and protein concentration. The most pronounced selectivity was observed at low 2PO
levels, where predominantly only point-like oxidized defects are generated. Preferential binding on either
Pr or oxidized graphene could be achieved depending on the 2PO and adsorption conditions used. Based
on the incubation conditions, the surface area covered by mAchR on single-layer graphene varied from
29% (Pr) vs. 91% (2PO) to 48% (Pr) vs. 13% (2PO). For CaM, the coverage varied from 53% (Pr) vs. 95% (2PO)
to 71% (Pr) vs. 52% (2PO). These results can be exploited in graphene biosensor applications via selective
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1. Introduction

The most common method of communication between nerve
cells is via releasing compounds called neurotransmitters
(NTs) in synapses.’ There are a plethora of known NTs, which
all serve distinct functions in different parts of the body." In
addition to chemical communication, electrical signaling—
where ions are released to transmit electrical signals between
neurons—plays a crucial role.> The first demonstration of a
chemical compound being responsible for communication
between nerve cells was shown with acetylcholine (Ach),’®
which is now known to be a key NT in many fundamental
functions of the central and peripheral nervous systems and
human physiology*™® such as learning,”®* memory,”® motor
control,”? and smooth muscle contraction.*”

“ Nanoscience Center, Department of Chemistry, University of Jyviiskyld, Survontie
9, 40500 Jyviskyld, Finland. E-mail: mika.j.pettersson@jyu.fi
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scratch test data, all Raman maps and spectra, s-SNOM negative control data,
and outlier low concentration adsorption data. See DOI: https://doi.org/10.1039/
d41f00102h
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non-covalent functionalization of sensors with receptor proteins.

As NTs and electrical communication are essential parts
of the function of nerves, it is of high interest to measure
their concentration and intensity. Traditionally, electrodes
have been used to measure only the electrical activity of
neurons.'”™" However, as Wei and Wang'? suggest, the next
generation of neural electrodes can improve on the current
situation by simultaneously providing “multiple functions,
including electrophysiological signal recording and
regulation, neurotransmitters and other neural-related
biomolecule recognition techniques, and the ability to
effectively control drug delivery”.’®> Therefore, to develop
biosensors capable of reading both the chemical and
electrical signals of nerve cells, new sensing methods are
required.

One promising approach to this new generation of devices
utilizes graphene as a sensor material. Graphene is a
2-dimensional carbon material with intriguing electrical and
mechanical properties that holds high potential for
applications in sensors and biocompatible electronics.
Graphene and its derivatives are already being widely
researched in electrical neural activity measurements,'” as
well as other biosensors."®'* Despite being an excellent
material for sensing, graphene almost completely lacks
selectivity toward analytes.'” Hence, it is crucial to develop
methods for the functionalization of graphene with receptor
molecules.'*°
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Previous studies have explored the attachment of
biomolecules to graphene,>>® graphene oxide (GO),>>>*?*7~3*
reduced graphene oxide (rGO)>*?7*%31:3373¢ and other
graphene-related materials.>>>**%373% The methods utilized
to functionalize graphene and therefore control the
adsorption  have typically been working in a
suspension®*?931:3%3473% and  oxidizing graphite into GO
flakes (usually via the modified Hummer's method*®). In a
suspension, GO can be functionalized by covalently binding
e.g. peptides to it.** The GO flakes can be further modified
by reducing them to rGO either thermally,*>*
chemically,>*?"*> or by UV exposure.””> These suspensions
can then be solidified by e.g. vacuum filtration,”® drying in a
vacuum,’®*>*® and lyophilization.>® With single-layer
graphene (SLG), adding self-assembling monolayers***® and
exposure to low-energy hydrogen plasma® have been utilized
in attempts to control biomolecule adsorption. Many of these
methods require working in bulk and have little to no control
over the location of the functionalization.

Two-photon oxidation (2PO) is an optical method of
functionalizing and patterning graphene with ultrashort laser
pulses.*’ 1t allows a highly localized, controllable, and fine-
tunable way of introducing oxygen-containing hydrophilic
groups*> onto graphene, thereby modifying its electrical
properties*™*® and interactions with its surroundings.****
The photoinduced chemical groups mainly consist of epoxide
(C-0-C) and hydroxyl (-OH) groups.*> The epoxide group
should be quite stable in the neutral to acidic region.*®
Within the pH range from 7 to 11.5, the ring opens by
reacting with hydroxide and water, therefore adding more
oxygen to the graphene as the epoxide converts to two
hydroxyl groups.*® For hydroxyl groups in GO the pK, is 9.32
+ 0.02.” The laser-induced oxidation starts as point-like
seeds and as the irradiation dose is increased, these seeds
keep growing into islands and ultimately form a uniform
oxidized area.”® These oxidized areas can be selectively
functionalized further by proteins or materials, opening new
possibilities for various applications.*>"*°

In this study, we used 2PO to selectively adsorb two
neurotransmission-relevant proteins onto graphene. The
chosen proteins were a fragment of a selectively Ach-
detecting  protein—muscarinic  acetylcholine  receptor
(mAchR)—and calmodulin (CaM), which selectively binds to
Ca*" ions. On pristine graphene (Pr), the proteins formed a
net-like structure, while on 2PO-treated graphene, a more
uniform layer was observed. Notably, high selectivity towards
oxidized graphene (coverage up to 29% vs. 91% (mAchR) and
53% vs. 95% (CaM)) and inversely towards pristine graphene
(coverage up to 48% vs. 13% (mAchR) and 71% vs. 52%
(CaM)) was achieved by altering 2PO and adsorption
parameters such as pH and concentration.

2. Experimental

The samples were fabricated on Si/SiO, substrates. Using
standard electron-beam lithography, a grid of markers (5 nm
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Ti + 25 nm Pd) was evaporated onto them. Subsequently, an
in-house-made chemical-vapor-deposition-grown (CVD) SLG
was transferred onto the substrate with a polymethyl
methacrylate (PMMA) support layer on top. The polymer was
dissolved, and the samples underwent annealing first in Ar
(~400 scem) + H, (~20 scem) (2 h, ~300 °C) to carbonize any
possible PMMA polymer residues and then in O, (1 h, ~280
°C) to remove the amorphous carbon before further
processing.  Following the cleaning and annealing
procedures, exposing the samples to polymers in any form
was avoided to prevent the formation of hydrocarbon
adlayers on top of the graphene. This is a known problem
when working with 2D materials, as shown by Tilmann
et al.”®

To improve graphene adhesion to the substrate and
remove all residual solvents and water, the samples were
heated up on a hotplate for three minutes at 160 °C before
oxidation. The 2PO for the samples was conducted using a
femtosecond pulsed laser as detailed by Mentel et al.*® with a
Gaussian spot diameter at 1 e* of ~0.8 um. The applied
doses ranged from 6 to 900 pJ*> s (0.3-1 s irradiation time
and 4-30 pJ laser pulse energy). The dose is defined as a
product of pulse energy squared times the irradiation time in
seconds. The pulse energy is squared to account for the two-
photon process. See ESIf (Table S1) for full irradiation
parameters and sample conditions disambiguation.

The oxidized areas were characterized with Raman
spectroscopy before protein incubation and with atomic force
microscopy (AFM) before and after incubation. Since the dose
does not always directly correlate with the oxidation level due
to changes in the ambient conditions (humidity, room
temperature etc.)," Raman spectroscopy was employed to
determine the intensity ratio between the D (~1350 cm™)
and G (~1600 cm™") bands (Ip/lg) as a measure of the
achieved oxidation level.***' Raman maps were acquired
using a DXR Raman Microscope (Thermo Scientific) with a
50x objective and 532 nm wavelength. AFM (Bruker
Dimension Icon with ScanAsyst Air probes (Bruker)) was
utilized to measure the topography of the oxidized areas and
pristine graphene, as well as the height of the pristine
graphene relative to the SiO, substrate. The AFM scans were
processed with NanoScope Analysis (Bruker).

Functionalization of graphene with proteins was
performed with a drop-casting incubation method. Two
readily available proteins, CaM (Merck) and mAchR (Abcam,
recombinant human receptor 2/CM2 fragment), were selected
for the study. The chosen mAchR fragment is located at the
edge of the three-dimensional structure of the whole protein,
corresponding to its cytoplasmic domain and making it a
potential site for interaction with the substrate. To assess the
properties of the proteins, their theoretical isoelectric points
(pI) and grand average of hydropathicity (GRAVY) were
calculated using ProtParam (Expasy) based on the amino acid
sequence found in the UniProt database (CaM,’> mAchR’%).
The drop-casting incubation method proceeded as follows:
First, 50 mM phosphate buffered saline (PBS) buffer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solutions were prepared at three different pH levels (5, 7, and
9). For solutions at pH 5 and 9, the pH was adjusted using 1
M HCI or 1 M NaOH, respectively. Then, protein solutions
with desired concentrations (0.025, 0.25, or 2.5 pug ml™") were
prepared using the buffers. A 20 pl drop of the solution was
pipetted onto the graphene, and the chip was left in a humid
atmosphere within a sealed beaker for 1 h to incubate.
Following incubation, the chip was very gently rinsed three
times with 1 ml of the corresponding buffer, drop by drop, to
remove any unbound protein. This was followed by rinsing
three times with 1 ml of deionized water to remove any
residual salts. Any remaining solution was carefully blown
away using a N, (g) gun. Finally, the samples were left
overnight in ambient air within a fume hood to dry
completely. The samples were used to determine how much,
where, and in which conditions the proteins attached to the
graphene. The post-incubation AFM images were captured
after the samples had dried.

Scattering-type scanning near-field optical microscopy (s-
SNOM) was used for further characterization. The s-SNOM
experiments were performed on a neaSNOM device (Attocube
systems AG, Germany) equipped with a tunable quantum
cascade laser for s-SNOM imaging. Arrow-NCPt-50 silicon
probes (Nanoworld® AG, Switzerland) with a Pt/Ir coating on
the tip and detector sides and a resonance frequency of 285
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kHz were utilized. Two images were captured in the same
location with different infrared (IR) frequencies (1645 cm™
and 1730 cm ') on a single mAchR-coated sample, covering
Pr and 2PO graphene areas. The images, taken with a spatial
resolution of approximately 15 nm, were processed with
Gwyddion. Prior to analysis, a plane fit was applied to the
topography and the optical phase images to remove the
thermal drift of the microscope. The minimum data value of
each image was set to zero. Additionally, the lines of the
topography images were aligned using the median algorithm
in Gwyddion. For the comparison between topography and
absorptive properties (optical phase) on Pr graphene, a
Gaussian filter with a size of 0.75 px was applied to the
optical phase image to remove noise.

An analysis procedure, inspired by the National Institute of
Standards and Technology nanoparticle measurement
protocol® but utilizing histograms, was applied to the AFM
scans conducted before and after protein incubation. For a
detailed description and discussion, refer to the ESIT (ESI Note
1 and Fig. S1-S4). In short, height histograms corresponding
to the pristine graphene, oxidized area, and their combined
area were extracted and used to determine the heights of the
oxidized area and protein, and the protein coverage
percentage. This was achieved by fitting Gaussians to the data.
Ideally, for a perfectly flat and clean surface, the distribution

8.0 nm 7.0 nm

8.0 nm 7.0nm

Height Sensor 800.0 nm

© .

[—— Before incubation

After incubation|

Height (nm)

Distance (um)

Fig. 1 Topography data of the AFM scans (a) before and (b) after protein incubation in 50 mM PBS, pH 7 and 2.5 ug ml™* CaM with the areas
highlighted in red enlarged on the right to better show the details. The area highlighted in blue is shown enlarged in Fig. 2. The elevated areas
were treated with 2PO using the shown parameters, everything else was pristine CVD SLG. See ESIf for all AFM scans of the samples used and
their corresponding irradiation parameters. (c) The cross-sections along the dashed lines in the AFM images above for each of the corresponding

rows (1-3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 High-resolution images of (a) the area highlighted in blue in
Fig. 1 and two further magnified images of areas marked in green (b)
(pristine graphene) and red (c) (2PO-treated graphene) to better show
the morphology of the protein deposition.

of heights should theoretically peak sharply at a certain
value. However, experimental data exhibits a Gaussian-like
distribution, as evident from the histograms (ESL;} Fig. S5).

3. Results and discussion

Fig. 1 shows AFM images of a graphene sample with an array
of 2PO areas before and after CaM incubation (see ESIt for
full AFM data on CaM and mAchR immobilization on
graphene, Fig. S61). The sample in the figure was incubated
in a CaM solution, but the behavior of both proteins (mAchR
and CaM) was qualitatively similar. Each 2PO area measured
roughly 2 x 2 um? and was typically clearly visible in AFM as
the oxidized areas were elevated in comparison to pristine
graphene. When incubated with a sufficiently high
concentration, the proteins formed a network-like structure
on pristine graphene (Fig. 2(a) and (b), not visible at <2.5 g
ml ™). Pristine graphene is known to be hydrophobic, while
both proteins possessed relatively more hydrophilic surfaces
(GRAVY = -1.074 (mAchR) and -0.654 (CaM), negative means
hydrophilic, positive hydrophobic), but upon inspection of
the  three-dimensional  crystal  structures of the
proteins,”®**** the surface of the proteins has both
hydrophilic and hydrophobic parts. Therefore, the network
structure most probably originated from optimization of
interactions of the protein simultaneously with a
hydrophobic surface and other proteins. The network
structure indicated some directionality of the protein-protein
interactions. Similar network structures have been reported
previously with other surfaces and biomolecules.’®>®
However, on the oxidized areas, depending on the oxidation
level, pH, and concentration, a more uniform coverage could
be observed (Fig. 2(c)). This suggests that the hydrophilic
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oxygen-containing groups made the surface more favorable
for interaction with the proteins.

To determine the thickness of the protein layer on top of
the pristine graphene, it was assumed that the holes in the
network exposed the pristine graphene surface. To support
this assumption, a plastic tweezer was used to scratch the
sample. An AFM image at the scratch edge was taken, from
which either the combined height of the pristine graphene
and protein or the height of only the protein layer was
measured. It was seen that the protein network did indeed
show the pristine graphene surface in the holes of the
network (see ESLj} Fig. S7).

In order to verify directly that the immobilized network-
like material consisted of proteins, s-SNOM imaging of a
sample that was incubated in a 2.5 pg ml™" mAchR solution
(pH 5, 50 mM PBS) was performed. In this technique, the
sample was scanned similarly to AFM in tapping mode.
During the scan, an IR laser pointed to the AFM tip apex
creating a near-field (NF). This NF changed if the incident
light frequency is absorbed by the sample. In this way, the
optical properties of a sample can be visualized with the
spatial resolution of AFM. The method allows the direct
correlation of AFM imaging data (Fig. 3(a)) with the optical
signal data (Fig. 3(b)). In the experiments presented, the
absorption in the amide I frequency range (1645 cm™') was
studied, where all proteins generally show intense absorption
bands due to vibration of the C=O groups in their amide
backbone.>® A higher optical phase (O3P) change in the
s-SNOM images coincides with stronger absorption of the
incident light. On the sample covered with mAchR, the 2PO

= T —— 03P
Eas 258
z g
220 20a
T m

1.5 ©

15
0 100 200 300 400

Distance (nm)

Fig. 3 s-SNOM imaging on a sample incubated in a mAchR solution
(2.5 pg mU™, pH 5). (a) Topography and (b) optical phase (O3P at 1645
cm™, resonant with the protein) images of the same area. On the right
side in both images is a 2PO-treated area with an irradiation dose of
78.4 pJd? s. The highlighted areas are shown enlarged below their
corresponding images. The dark red markings highlight similar features
of the two images. The profiles along the blue and orange line in the
enlarged images of (a) and (b), respectively, are plotted in (c).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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areas show a stronger absorption compared to the Pr areas
(Fig. 3(b)), indicating a larger number of proteins in these
areas, and/or absorption of the 2PO graphene itself at this
frequency. However, due to this uncertainty the quantity of
protein cannot be determined from the s-SNOM data. Based
on the off-resonance image (see ESIT Note 2 and Fig. S8) the
latter is at least partially responsible for the larger signal. The
higher signal at pristine graphene at off-resonance image
could be due to electronic response, which is reduced at the
2PO-treated areas. Also, the graphene wrinkles exhibited a
strong signal, which has been previously reported.®®°*

When comparing the topography and the optical phase
images of a representative pristine area with mAchR, the
network structure of the protein layer is visible in both
images (enlarged in Fig. 3(a) and (b)) indicating that the
immobilized material consists of proteins. A negative control
was performed by imaging the same area at 1730 cm™*, which
is less resonant to protein vibrations. In the 1730 cm™
image, the optical phase contrast is lower compared to the
image taken at 1645 cm™', which supports our interpretation
(ESL} Fig. S8).

Cross sections of the topography and optical phase, which
is proportional to absorption, of the same pristine area after
incubation were compared (Fig. 3(c)). Both profiles follow a
similar pattern with only a small deviation, following the
results above. Slight deviation of the phases of the profiles
could be due to placement error of the profile lines, and
topographic effects on the optical signal, where the edges of
the proteins could have given distinct signals depending on
their position relative to the incident laser beam.®® In
comparison, in the negative control image (ESI;f Fig. S8) the
O3P signal did not follow the height profile at all, which
verifies our interpretation of the network consisting of
protein. These results demonstrated the great chemical
sensitivity of the s-SNOM method as the thickness of the
protein layer is roughly 1 nm thick.

A comprehensive analysis of AFM data for each sample
consisting of Pr and 2PO-treated areas was performed (ESL
Fig. S5). Examples of histograms extracted from the data are
shown in Fig. 4. The data shows the height distribution of
oxidized graphene compared to pristine graphene, and how
the protein was distributed on both surfaces. From the
analysis, values for the average protein height and coverage
were calculated for the Pr and 2PO graphene. For the 2PO
square, the edges were ignored as the differences between
the edges and the centers of the squares were minuscule and
including them would only complicate the analysis.

3.1. CaM

A summary of the analysis of height histograms for CaM at
pH 5, 7, and 9 and with concentrations 0.25 and 2.5 ug ml™"
is presented in Fig. 5, where protein height and coverage are
presented for both the pristine graphene (Pr) and the centers
of the oxidized squares (2PO). Full histogram data are
presented in the ESIf for each sample (Fig. S5). Working at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Background corrected and normalized height distribution
histograms extracted from the AFM images of the highlighted oxidized
square area of Fig. 1 (incubated in 50 mM PBS, pH 7 and 2.5 ug ml™
CaM). The graphs depict the height distributions of Pr graphene
surrounding the 2PO square (pristine), 2PO-treated area, and their
combined area. Each figure has a percentage value representing the
calculated coverage percentage and three histograms that correspond
to the same area before protein incubation (initial), after the incubation
(incubated) and the calculated overlap between these two histograms
(overlap). The combined area histograms are presented in order to
show that the background correction has been successful and to
highlight that if the Pr and 2PO areas are not treated separately, a
significant error in the coverage is introduced, as can be seen from the
corresponding coverage percentage values. Corresponding data for
each 2PO square of each sample is presented in the ESI}

pH 9 proved to be difficult as many of the samples had
graphene peel off completely, either during the incubation or
rinsing. This can be seen in the AFM images (ESL} Fig. S6(e)
and (i)), where most of the pristine and parts of the oxidized
areas have been lifted off. However, it is interesting that the
oxidized areas had a higher interaction strength between the
substrate and graphene, as the higher oxidation level areas
were less likely to detach. In Fig. 5, it is apparent that the
oxidation level affects the coverage. This is in accordance to
previously reported results that the oxidation level affects the
amount of protein adsorbed onto graphene.*"**> For example,
in Fig. 5(b) and (c) the coverage increases from ~50-60% to
80-90% upon oxidation. In some cases, the effect was weaker
or even reversed. For example, in Fig. 5(d), the coverage
decreases from ~70% to ~55% when the oxidation level is
increased at pH 9. It is interesting to correlate the changes in
protein coverage to the nature of the oxidized graphene. At
low irradiation doses, oxidation occurs at point defect sites.*®
At higher doses, the point defect density increases until at
certain defect density, the defects become line-like or the
graphene becomes disordered uniformly.*®®* It is possible to
identify this transition region from Raman spectroscopy.®®
The defect concentration induced by 2PO, corresponding to
the oxidation level, was determined from Raman spectra
from the intensity ratio of the D (~1350 cm™') and G (~1600
em™) bands (Ip/lg). As the oxidation level (defect density)
increased, the Ip/Ig ratio first increased. In this region the
defects induced were point-like. After the Iy/Ig reached a
maximum, it started to decrease when the oxidation level was

RSC Appl. Interfaces, 2024, 1,1305-1316 | 1309
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Fig. 5 Adsorption results for CaM with (a) 0.25 pg ml™, pH 5 (b) 2.5 ug ml™, pH 5, (c) 2.5 pg ml™, pH 7 and (d) 2.5 ug ml™, pH 9 in 50 mM PBS
solutions. Top panels indicate the average heights of proteins on both the pristine graphene surrounding the oxidized area (Pr, with the error bars
indicating the average of standard deviations of the different areas) and the centers of the oxidized squares (2PO, with the error bars indicating the
standard deviation from the Gaussian fits) with a trend line and a confidence interval of one sigma fitted to the data. The bottom panels show the
coverage percentages for the same areas with a trend line fitted to the data. For Pr, the error bars indicate the minimum and maximum of the
coverages for the different areas. Values for ablated squares are circled in red. The dotted lines indicate the approximate dose where the defects
induced by 2PO transition from point-like to line defects as defined by the maximum Ip/Ig ratio. See ESIi for full Raman characterization of the

samples.

increased further. This is a turning point where the defects
change from the point-like to line-like defects and/or to a
uniformly disordered structure.®® This approximate turning
point is shown as a vertical dotted line in the plots of Fig. 5.
Interestingly, in Fig. 5(b) and (c), corresponding to pH 5 and
7, respectively, the coverage increased upon increasing the
defect concentration up to the stage of transition from point
defects to disordered material, after which it remains
approximately constant. This indicates that at these
conditions, oxidized sites at graphene acted as preferential
adsorption sites over Pr graphene for CaM. When a high
enough dose was used, the graphene structure started to

1310 | RSC Appl. Interfaces, 2024, 1,1305-1316

break and became partially or completely ablated. The
ablated graphene could be detected when both Iy and Ig
became very small or even vanished completely. In a Raman
map, the ablated squares showed a lower I, than the borders
of the square, but as the probing spot size partially
overlapped with the surrounding pristine or less oxidized
graphene, the D, G, and 2D (~2700 cm™') bands could still
be visible. The values corresponding to ablated squares have
been circled in red in Fig. 5. See ESIf for all the Raman maps
and their corresponding spectra for each square (Fig. S9t).
Height. The protein heights for CaM were all below 3 nm,
indicating binding as a monolayer, and the heights showed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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some dependency on pH and oxidation level. With the lower
concentrations used (0.025 pg ml™" and 0.25 pg ml™") the
height analysis was wunreliable and 1is therefore not
emphasized here. This is discussed in the ESIf (ESI Note 3
and Fig. S$10). When incubated at 2.5 ug ml™" and pH 5,
(Fig. 5(b)), the average height of CaM on Pr was
approximately 2.4 nm. This corresponded well to the
dimensions of the reported structure,>® which is a somewhat
elliptical cylinder shape that is approximately 6.1 nm long,
2.6 nm wide, and 2.1 nm deep. This would indicate that the
protein was not distorted and was mostly “lying on its side”.
Another report® claims that a height of 2.26 = 0.21 nm in
AFM would correspond to the Ca®>" bound conformation of
CaM, which the PBS solution did not include. However, on
2PO (2.5 pg ml™", pH 5) the height decreased to
approximately 1-1.5 nm, which is lower than any of the
dimensions of the crystalline protein. This could be due to
the protein being distorted or partial “embedding” into the
oxidized graphene caused by hydrogen bonding of the
hydrophilic parts of the protein with the oxygen-containing
groups induced in the graphene. The height distribution was
broader on the pristine graphene in comparison to the
oxidized areas (see ESI} Fig. S5(c) for details). This could
indicate that the protein had a better defined structure on
2P0 areas and that the orientation of the protein was more
random on the pristine graphene.

At pH 7 (Fig. 5(c)) the protein heights on both Pr and 2PO,
approximately 1.6 nm and 1-2 nm, respectively, were smaller
than any dimension of the crystalline protein, except at very
low oxidation doses. A height of 1.87 + 0.19 nm has been
reported®® to correspond to the conformation of CaM when it
is not bound to Ca*". A clear saturation level was detected in
the protein heights after the approximate defect turning
point. Further, at this pH, the height distribution on Pr (Fig.
S5(d)t) was a lot sharper than at pH 5. This suggested better
defined binding between the protein and the substrate.

For pH 9 (Fig. 5(d)) the heights showed a similar trend
as at pH 7 but had even lower values than above (~1.35
nm (Pr) and 0.9-1.1 nm (2PO)). Low values for both the
pristine and oxidized graphene indicated that most
probably the protein structure was distorted at this high
pH. It is not uncommon for a protein at a pH far away
from its pI to have its stability diminished and for
denaturation happen at a higher rate.®*®” The height
distributions of the protein on Pr and 2PO (Fig. S5(e)T)
were both as sharp as at pH 7.

Coverage. At 0.25 pg ml™" concentration and pH 5
(Fig. 5(a)) CaM covered 22-35% of Pr graphene and up to
69% of 2PO graphene around the defect turning point. At
higher doses the coverage decreased to a minimum of 26%.
After increasing the concentration to 2.5 ug ml™" at pH 5
(Fig. 5(b)), the coverage was still significantly higher for 2PO
than for Pr (up to 94% vs. 52%, respectively). The coverage
increased within the low (point-defect like) oxidation regime
(before the defect turning point) and saturated after reaching
the uniformly disordered material regime.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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At pH 7 and 2.5 ug ml™" (Fig. 5(c)), with an increasing
oxidation level, the coverage increased from ~65% (Pr) to a
maximum of ~83% and as highly distorted graphene was
reached, the coverage reduced again with the one ablated
square having similar coverage as pristine graphene. This
seemed to be a unique set of conditions as a saturation level
in the coverage was not detected.

For the highest pH and 2.5 pg ml" (Fig. 5(d)), the
behavior was reversed, as the coverage was consistently
around ~55% for 2PO graphene, whereas for Pr graphene it
was around 71%. Based on these coverage results, CaM
exhibited clear selectivity towards 2PO over Pr at pH 5. The
selectivity at pH 7 was not as strong as at pH 5, and the
difference in the minimum to maximum coverage (height of
the error bar) on Pr was larger than in the lower pH. The
selectivity was reversed at pH 9 as CaM showed selectivity
towards pristine graphene. This could be due to both CaM
and oxidized graphene becoming negatively charged, leading
to electrostatic repulsion, which is absent for Pr graphene.
Indeed, the calculated pI for CaM was 4.09, which meant that
the protein was negatively charged at all the used pH values,
especially at pH 7 and pH 9. At any pH, pristine graphene is
hydrophobic and electrostatically neutral. Further, 2PO areas
have hydroxyl groups that have a pK, of 9.32 + 0.02 (ref. 47)
and epoxide rings that reversibly open at alkaline conditions
(pH > 7) to produce hydroxyl groups.”>'® When the rings
open, more oxygen attaches to the graphene (ketone
opening reaction, C-O-C + OH  + H,0 — 2 C-OH + OH),
which in turn makes the surface even more negatively
charged at high pH. Therefore, 2PO areas should have been
close to neutral at pH 5 and pH 7, and negatively charged
at pH 9. This explains the reduction of the coverage of CaM
on 2PO at high pH, as both the protein and 2PO graphene
both became negatively charged and started to repel each
other. The increase in the coverage on Pr graphene could
also be explained by the increasingly negative charge of the
protein. When the charge is increased, the proteins started
to repel each other and prefer the interaction with the
neutral pristine graphene. This could also be seen in the
AFM images (ESL} Fig. S6(c-e)), where the height of the
protein network decreased as the pH was increased, and the
“strings” of the netlike structure widened, which is
consistent with the protein having spread more evenly on
the graphene surface.

3.2. mAchR

In a similar manner to CaM, a summary of the adsorption
analysis results for the mAchR fragment is presented in
Fig. 6. The mAchR fragment showed low values for height
(<1.8 nm) on both Pr and 2PO in all the conditions used
indicating binding as a monolayer as these values matched
reasonably well to the dimensions of a small amino acid
chain such as the mAchR fragment. No crystalline structure
for this exact fragment is reported in the literature, so more
precise comparison could not be performed.
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Fig. 6 Adsorption results for mAchR with (a) 0.025 pg mU™, pH 5, (b) 2.5 ug ml™, pH 5, (c) 2.5 pg ml™, pH 7, and (d) 2.5 pg mU™, pH 9 in 50 mM
PBS solutions. Top panels indicate the average heights of proteins on both the pristine graphene surrounding the oxidized area (Pr, where the
error bars indicate the average of standard deviations of the different areas) and the centers of the oxidized squares (2PO, where error bars
indicate the standard deviation from the Gaussian fits) with a trend line and a confidence interval of one sigma fitted to the data. The bottom
panels show the coverage percentages for the same areas with a trend line fitted to the data. For Pr, the error bars indicate the minimum and
maximum of the coverages for the different areas. Values for ablated squares are circled in red. The dotted lines indicate the approximate dose
where the defects induced by 2PO transition from point-like to line defects defined by the maximum /Ip/lg ratio. See ESIf for full Raman

characterization of the samples.

Height. The average height of mAchR on Pr at a
concentration of 0.025 pg ml™" and pH 5 (Fig. 6(a)) was
approximately 0.85 nm and the height decreased to
approximately 0.65 nm with low oxidation doses. When the
approximate defect turning point was approached, the spread
of different heights became relatively large (0.4-1.0 nm) and
converged at high doses, where the heights settled at
approximately 0.6 nm. When the concentration was increased
to 2.5 ug ml™" (Fig. 6(b)), the average height on Pr graphene
was approximately 0.95 nm and on 2PO graphene the heights
were approximately 0.5-1.2 nm. A significant drop in the
average protein height was detected with doses higher than

1312 | RSC Appl. Interfaces, 2024, 1, 1305-1316

30 pJ* s. Below this dose, the oxidation level is so low that
the oxidized squares are hardly visible in the AFM images
(ESLt Fig. S6(g)). Therefore, the histograms below and above
the dose of 30 pJ* s are very different (ESL;} Fig. S5(g)), which
may partially explain the large drop in the height values.
However, the Raman spectra show similar trend as for all
samples, namely monotonous increase of defects by
increasing irradiation dose. Therefore, even though the AFM
image differs from other samples, the Raman data shows
that the 2PO process worked similarly for all samples.

When incubated at pH 7 and 2.5 ug ml™ (Fig. 6(c)) the
protein heights on Pr were a bit larger (~1.2 nm) compared

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to pH 5. On 2PO graphene, there was less spread in the
heights, but the maximum height was almost the same
(~1.15 nm (pH 7) vs. ~1.2 nm (pH 5)). The initial rise from
the Pr height was not observed. Instead, the low oxidation
doses lowered the average height, which then increased again
with higher doses.

At pH 9 and 2.5 ug ml™" (Fig. 6(d)) the protein heights
were larger than at lower pH values, not only on Pr graphene
but this time also on the 2PO graphene (~1.35 nm (Pr) and
1.30-1.75 nm (2PO)). Unfortunately, the areas with the lowest
doses used at this pH were lost due to them lifting off, as
discussed above with CaM, so there is a notable lack of
datapoints in the region between the pristine graphene and
the approximate defect turning point. Additionally, no
significant initial drop in the heights was seen, but after
crossing the approximate defect turning point, a small
increase in the heights was present, after which the heights
dropped again and saturated around 1.3 to 1.4 nm.

Coverage. At 0.025 pg ml™ and pH 5 mAchR covered 29%
of Pr and the coverage increased with oxidation dose until it
reached the highest coverage of 91% at a dose of 32.4 pJ° s.
With higher doses past the defect turning point, the coverage
reduced again down to 24%. Thus, at low oxidation levels,
there was notable selectivity towards oxidized areas in
comparison to the Pr. At the concentration of 2.5 pg ml™" at
pH 5, Pr coverage was 48%, which increased with very low
oxidation levels up to 62%. Past the dose of 30 pJ* s, the
coverage dropped suddenly, similarly to the trend seen for
the height. Also in this case, the large qualitative change in
the histograms (ESL} Fig. S5(g)) may partially explain the
large sudden drop. For higher irradiation doses, the coverage
reached a minimum of 12.6% around the approximate defect
turning point. This indicated clear selectivity towards the
pristine or low oxidation level graphene. At the low
concentration (0.025 ug ml™) the selectivity of the coverage
was better than at the higher concentration (2.5 ug ml™),
which is understandable since at very high concentrations
protein would probably cover all surfaces, which corresponds
to total loss of selectivity.

In comparison to the lower pH, the Pr coverage slightly
increased (to 53%) at pH 7 and 2.5 ug ml™". At low levels of
oxidation, the coverage increased and reached a maximum
value of 85.5% at the defect turning point, after which the
coverage decreased to a minimum of 41%.

After incubation at pH 9, the Pr coverage increased to
approximately 64% and the highest coverage with 2PO, again
near the defect turning point, reduced to 76% compared to
the lower pH. When the oxidation level was increased further,
the coverage decreased to 59%. mAchR behaved in a very
similar way at both pH 7 and 9. The highest coverage was
detected at low oxidation levels and as the oxidation level
was increased, a saturation level was reached, although this
is not as clear at pH 9. The calculated pI for mAchR (4.57)
was similar to CaM. Therefore, the mAchR fragment was
negatively charged in all the pH used and the negative charge
likely intensified when the pH was increased, just like with
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CaM. Thus, the behavior was expected to be similar, which—
at least with the coverage—was the case. Although the effect
was not as strong as with CaM, as the pH was increased, the
mAchR coverage on Pr graphene increased and the highest
detected coverage on 2PO graphene decreased. These trends
could be partially explained by the electrostatic effect, as
described previously. The repulsion between the charged
proteins could have favored the protein spreading more
evenly on the Pr graphene, which could be seen as the
increase of the standard deviation (magnitude of the height
error bars, Fig. 6(d)).

3.3. Outlook

All the data presented here show that the best selectivity is
achieved with low oxidation levels (i.e., the point-like defect
regime). This is also promising for future applications of 2PO
and controlling protein adsorption onto graphene, as within
this region, the graphene is still of good quality and
conductive and therefore good for electronic devices and
sensors. Other proteins have been shown to preserve their
secondary structure®® and stay active when adsorbed to
graphene® or to other graphene-based materials.’® However,
the topic is controversial as some proteins have been claimed
to lose their biological function when physically adsorbed to
graphene without any intermediate layer.® If the methods
described here work for proteins that specifically bind to
NTs, such as mAchR, or other neurotransmission-relevant
proteins like CaM and the proteins maintain their biological
function (as reported before*®*>%%) biosensor devices
functionalized with proteins can have very local control of
adsorption thanks to 2PO, limited only by the dimensions of
the irradiation area. Additionally, using 2PO is a relatively
simple method of controlling the area-specific binding. This
can lead to smaller graphene-based devices with individually
functionalized areas very close to each other, which in turn
makes more specific and local sensing possible. For
neuroapplications this can be very significant. When
successful, it offers less invasive methods of measuring the
neural signals meant for e.g., muscle movement. Compare,
for example, the invasiveness of implanting a device on the
nerves in the arm instead of using an intracortical electrode.
Thus, the present results are promising for developing
functionalized = graphene-based biosensor devices for
measurement of neuronal activity at high spatial resolution.

Conclusions

We have demonstrated that 2PO can be utilized to affect
adsorption of neurotransmission-relevant proteins on
graphene. The proteins predominantly bind in a monolayer,
and no evidence of thicker layers was observed at the studied
concentrations. The extremes of selectivity between pristine
and laser-oxidized graphene for mAchR varied from 29% (Pr)
vs. 91% (2PO) to 48% (Pr) vs. 13% (2PO) surface area covered
and for CaM from 53% (Pr) vs. 95% (2PO) to 71% (Pr) vs.
52% (2PO) surface area covered. The most significant impact
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on selectivity occurred in the point-like defect regime, i.e., at
low oxidation levels. At higher oxidation levels, when
graphene became disordered and eventually ablated, the
selectivity of the adsorption was partially lost. By selecting
the appropriate conditions, a high selectivity can be achieved
for both proteins. Additionally, the selectivity towards
pristine or oxidized graphene can be precisely controlled via
immobilization conditions and laser dose. Some conditions
showed indications of protein structure distortion. The
behavior as a function of the oxidation level depended on the
protein and its structure, pH, and the protein concentration
used.

Employing the methods described here allows for the
straightforward fabrication of specific graphene-based
biosensors. The use of readily available and relatively
inexpensive proteins or their fragments has proven to be a
cost-effective and valuable approach for the initial
investigation of this functionalization method. It holds
promise for future biosensing measurements and the
utilization of more complex biologically functional proteins.
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