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Double-Sided Graphene-Enhanced Raman Scattering and
Fluorescence Quenching in Hybrid Biological Structures

George Sarau,* Christoph Daniel, Martin Heilmann, Gerd Leuchs, Kerstin Amann,

and Silke H. Christiansen

Due to their large contact and loading surfaces as well as high

sensitivities to chemical changes, graphene-based materials (GBMs) are
increasingly being employed into novel nanomedicine technologies. Here
biomolecule—monolayer graphene—kidney tissue hybrid structures are
studied using mapping micro-Raman and fluorescence spectroscopies.
Because in this configuration graphene interacts with molecules on both
sides, a double-sided graphene-enhanced Raman scattering (GERS) effect up
to =10.1 is found for biomolecules adsorbed on graphene and amino acids

in the kidney tissue below graphene. Moreover, graphene causes an efficient
autofluorescence quenching (FLQ) up to =20% emitted by the kidney tissue.
Despite the complexity of such layered materials, the intriguing simultaneous
occurrence of double-sided GERS (a new development of GERS) and FLQ
phenomena can be well explained by suitable molecular structure and
energy level alignment between molecules and graphene. These result in
effective charge transfer mediated by non-covalent interactions as indicated
by correlative strain, doping, and defect analyses in graphene based on the
Raman data and energy level calculations. Last, the advantages of using

excellent biocompatibility, and effective
non-covalent interaction with various types
of biomolecules present in drugs, cells,
and tissues.*®l Raman spectroscopy has
emerged as a powerful analytical method
particularly when GBMs act as carrier, bio-
imaging, and biosensing platforms being
label-free, non-destructive, and highly
informative.® Plasmonic metal nano-
particles attached to GBMs are commonly
used to increase the intrinsic Raman sig-
nals of both GBMs and biomolecules in
close contact with the graphene sheets
based on the surface enhanced Raman
scattering (SERS) effect.’"%] Nevertheless,
the SERS technique can lack quantitative,
repeatable, and stable enhanced Raman
signal mostly because of a non-uniform
distribution of the “hot spots” and chem-
ical changes of the metal nanoparticles
and molecules during laser irradiation due

graphene over standard photobleaching are demonstrated. This work can
be extended to other macromolecular entities toward integrating GBMs in

versatile drug delivery, imaging, and sensing devices.

1. Introduction

Biomedical applications of graphene-based materials (GBMs)
including antibacterial and photothermal anticancer therapy,
tissue engineering, targeted gene and drug delivery, bioim-
aging, biosensing, and so on are currently attracting great
interest in the emerging area of nanomedicine technolo-
gies.3] These exciting functionalities exploit unique proper-
ties of GBMs such as large photoresponse and loading surface,

to increased photo-induced damage.[16-18]
Graphene enhanced Raman scattering
(GERS) represents a robust alternative to
SERS, in which graphene itself serves as
a uniform Raman enhancement surface
for the adsorbed molecules that exhibit clean and reproduc-
ible Raman spectra. The GERS effect shows a peculiar mole-
cular selectivity implying appropriate alignment of the highest
occupied and lowest uncopied molecular orbitals (HOMO and
LUMO) as well as suitable molecular symmetry relative to the
Fermi level (Eg) of graphene and its planar structure, respec-
tively.”-20 Other studies show that graphene can also be used
as a fluorescence quenching (FLQ) surface for fluorescent
molecules placed on top of it.?124 The GERS and FLQ effects
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were separately reported for individual molecules mainly on
single-layer graphene supported by flat SiO,/Si substrates.
However, the target cells and tissues contain different sorts of
biomolecules arranged in complex molecular structures and
have uneven contact surfaces with biomolecule loaded GBMs
as usually employed in nanomedicine.*®! Such intricate combi-
nations of materials are expected to result in distinct, multiple
biomolecule—graphene interactions that have not been really
addressed so far.

Here we use Raman and fluorescence (FL) spectrosco-
pies complemented by energy level calculations to investigate
hybrid structures consisting of biomolecule—monolayer gra-
phene—kidney tissue layers. Both biocompatible nitrocellu-
lose molecules and kidney tissue show characteristic Raman
peaks with mean enhancement factors (EFs) as high as 10 indi-
cating double-sided GERS. Moreover, graphene itself displays
increased G and 2D Raman peaks with mean EFs of up to 6.8
and contributes to =20% quenching of the kidney tissue auto-
fluorescence. In contrast to graphene-induced FLQ, standard
photobleaching causes =twofold decrease in the intensity
of kidney Raman peaks. The double-sided GERS, graphene
Raman enhancement, and FLQ effects in this particular or sim-
ilar materials configurations were not reported up to now based
on our literature research. This study provides fundamental
insights into the properties of graphene materials when located
between biomolecules that can be used to further advance its
functionalities in biomedical applications mentioned earlier.

2. Results and Discussion

2.1. Biomolecule—Monolayer Graphene—Kidney Tissue
Hybrid Structures

In order to correlate the changes in the graphene proper-
ties caused by interactions with molecules on both sides of
graphene, we investigated successive materials configura-
tions corresponding to important stages in the preparation of
samples. Figure 1a displays a schematic representation of the

Figure 1. a) Sketch of the biomolecule (Mo)—monolayer graphene (Gr)—|
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constituting layers, laser excitation at normal incidence, and
backscattering collection of the resulting FL and Raman signals.
First, the supporting Si wafer was covered by a 100 nm thick
Ni film, which suppresses the Si Raman background, exhibits
a flat spectrum, and acts as a metallic mirror coating increasing
the Raman intensity of the kidney tissue, graphene, and
molecules both in excitation and detection (Figures S1 and S2,
Supporting Information).?>2¢ Second, =5 um thick sections
of cryo-fixed human, healthy kidney tissue were placed on the
Ni film, denoted Ki/Ni, without any staining to avoid spectral
artifacts. Third, large-area, high quality predominantly single-
layer graphene films overlaid with biocompatible nitrocellulose
molecules were transferred onto the Ni film and kidney tissue,
denoted Mo/Gr/Ni and Mo/Gr/Ki/Ni, respectively. The biocom-
patibility of nitrocellulose is demonstrated by its extensive use
in biomedicine as membrane for protein blotting./?28]

These probe biomolecules are the remains from a newly
developed collodion-mediated transfer method that works at
room temperature, in contrast to the well-established, tem-
perature-intensive PMMA-assisted transfer process, so that
heat-induced changes of the kidney tissue, graphene, and
molecules can be excluded in our case (Experimental Sec-
tion).1?l Thus, our hybrid structures can be regarded as a model
system for drug delivery, imaging, and sensing applications
down to organs (here kidney). The optical microscope image in
Figure 1b indicates that monolayer graphene conforms along
the uneven kidney tissue surface providing an interfacing
area.’% For a direct comparison, we employed the same pro-
cedure to transfer graphene onto standard 300 nm thick SiO,/
Si substrates, denoted Mo/Gr/SiO,. Interestingly, the Raman
enhancement produced by the well-known SiO, interference
effect can be compensated to a large extent up to 92% by the Ni
mirror effect (Figure S3, Supporting Information).V

2.2. FL and Raman Spectroscopies

Figure 2 shows that single-layer graphene can simultaneously
induce autofluorescence quenching and Raman enhancement

b Kidney tissue

with graphene
~ " (Mo/Gr/Ki/Ni)

kidney tissue (Ki) hybrid structures on a Ni mirror film illustrating different

materials configurations involving Ni, Ki/Ni, Mo/Gr/Ni, and Mo/Gr/Ki/Ni, probed by fluorescence and micro-Raman spectroscopies. Mo stands for
biocompatible nitrocellulose molecules from the graphene transfer. b) Optical microscopy image of the kidney tissue without (left side) and with gra-
phene atop (right side). The single-layer graphene is visible through its slightly light absorption. Due to its planar structure and mechanical flexibility,
graphene can follow the irregular kidney tissue surface.
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Figure 2. a) Graphene-induced quenching of kidney tissue autofluorescence excited with a 457 nm laser. b) Mean Raman spectra of layered materials
after removing the autofluorescence background obtained with a 660 nm laser. The spectra were vertically shifted for clarity. ¢) Mean Raman enhance-
ment factors for two amino acids (tyrosine and phenylalanine) in the kidney tissue below graphene (Ki), biocompatible nitrocellulose molecules above
graphene (Mo), and graphene itself (G, 2D) attributed to the double-sided GERS effect. The six non-overlapping Raman peaks are highlighted in (b).
d-f) Mean values of some relevant Raman parameters for single-layer graphene on used substrates: Ni, Ki, and SiO, as reference. These and other

Raman peak features are listed in Table S1, Supporting Information.

even in complex macromolecular systems like tissues, both
effects (FLQ and GERS) being explained by charge transfer
between molecules and graphene 22232 Broad autofluorescence
emission occurs from naturally fluorescent tissue molecules
and/or due to chemical changes of molecules during fixation and
processing steps. There are mainly two approaches to minimize
autofluorescence, employing chemicals and photobleaching;
however, these treatments can modify tissue integrity irrevers-
ibly.?*34 Remarkably, we observed an efficient reduction up to
20% of the autofluorescence signal emitted by the kidney tissue
resulting from the contact with monolayer graphene as shown by

Adv. Mater. Technol. 2021, 6, 2100385 2100385 (3 of 9)

the mean FL spectra in Figure 2a. This finding points toward a
novel strategy to achieve FLQ in tissues using graphene that will
be later compared to standard photobleaching.

Figure 2b reveals the evolution of the mean Raman spectra
when stacking various materials after subtracting the FL
background (Figure S2, Supporting Information). Given the
multitude of Raman bands in our spectra, we focused on six
non-overlapping Raman peaks related to each material and eval-
uated their mean EFs displayed in Figure 2c. These peaks are
attributed to amino acids in the kidney tissue (tyrosine at =620
and =641 cm™, phenylalanine at =1001 cm™), nitrocellulose

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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molecules at <1527 cm™, and graphene (G at =1588 cm™ and 2D
at 2637 cm™). Detailed assignments of the Raman peaks can
be found in literature.>>-38 It should be noted, however, that the
original Raman peaks of isolated amino acids can be affected to
some extent when folded in large proteins as part of cells and
tissues.?” The EF values varying from =2.1 to =10.1 are in the
range of GERS, which is based on the chemical enhancement
mechanism implying molecule-graphene coupling through
non-covalent interactions leading to mutual charge exchange.
Van der Waals, 77 stacking, and hydrophobic interactions are
primarily considered responsible for the biomolecular interplay
with graphene and thus for the GERS and FLQ effects.[20:32:40-42]

The GERS EFs were obtained by dividing the mean Raman
intensities, since the same graphene and tissue layers as well
as identical transfer procedures were employed for different
materials configurations ensuring similar mean molecule
concentrations above and below graphene with expected uni-
form spatial deviations (Figure S4, Supporting Information).l?%!
Notably, not only the adsorbed molecules on top of graphene
(peak 4) corresponding to the typical geometry in GERS experi-
ments, but also the kidney molecules underneath graphene
(peaks 1-3) exhibit EFs indicating a new development of GERS
that we called double-sided graphene-enhanced Raman scat-
tering. These results are in line with the work of Zhang et al.
where a bifacial Raman enhancement was observed for copper
phthalocyanine (CuPc) probe molecules at both interfaces of
mechanically exfoliated single-layer graphene.’?) Moreover, the
graphene itself is affected by the presence of top and bottom
molecules resulting in Raman enhancements (peaks 5, 6) and
spectral changes that will be next correlated to doping, defect,
and strain levels in the graphene films.’

The mean values of relevant Raman fitting parameters,
intensity ratios, and their standard deviations are summarized
in Figure 2d—f and Table S1, Supporting Information. We meas-
ured upshifts of =4 and =10 cm™ for the frequencies (positions)
of G (@) and 2D (m,p) peaks of graphene, respectively, in con-
tact with the kidney tissue versus graphene on Ni (Figure 2d,e).
These results indicate hole doping of graphene and confirm
the charge transfer interactions between kidney molecules and
graphene, which is consistent with similar trends documented
in literature 3140431 The p-type doping of graphene is further
supported by the decrease in I,p/ I from =2.5 to =2.1 (Figure 2f)
at comparable low defect densities as revealed by nearly iden-
tical Ip/Ig of =0.15 and =0.16 without and with kidney tissue,
respectively.”’ For the sake of comparison, we also studied the
Raman response of graphene transferred under the same exper-
imental conditions on standard SiO,/Si substrates. Upshifts of
=11 and =12 cm™ for ¢ and w,p, respectively, as compared to
graphene on Ni and a decrease in I,p/I to =1.2 attributed to
hole doping accompanied by virtually unchanged defect density
as pointed out by Ip/I¢ of =0.17 were observed.

2.3. Strain and Doping Correlations

Given the homogeneous defectiveness in our graphene layers, it
is possible to separate and quantify doping and strain using the
correlation plot @g versus @,p as demonstrated in Figure 3a.
This approach is based on reported experimental dependences
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of wg and w,p at varying strain/doping and constant doping/
strain (black/red solid lines, red dashed line is the linear fit to
the red solid line).?*#¢#1 By intersecting the magenta dashed
lines with the black solid line and the red dashed line, mean
biaxial, in-plane strain values, and doping concentrations
are extracted for each type of sample (Table S1, Supporting
Information). Negligible residual strains were found on all sub-
strates, tensile on Ni (¢ = 0.036%) and SiO, (€ = 0.006%) and
compressive on kidney tissues (€= —0.025%), which is expected
for as-transferred single-layer graphene without thermal treat-
ments and covalent doping.??! Interestingly, the strain dif
ferences between flat (Ni, SiO,) and irregular (kidney tissue)
substrates are minor indicating that large-area monolayer gra-
phene can also follow uneven surfaces and thus form a contin-
uous, closed contact down to orbital overlapping. This enables
carrier-exchanged paths between graphene and surface atoms
or molecules in the underlying substrates. Indeed, distinct hole
doping levels were derived for graphene transferred on dif-
ferent substrates: p =~ —3.8 X 102 cm™ on Ni, =~4.01 x 102 cm2
on kidney tissue, and =-10.28 x 10’2 cm™2 on SiO,.

The strain-doping development in Figure 3a is further cor-
roborated by additional correlation plots of other Raman param-
eters displayed in Figure 3b—e including (Lp/Ic, @c), (T'c, @c),
(Lp/Ig, @yp), and (yp, @wyp) with T and Ty standing for the
full-width at half-maximum (fwhm) of the G and 2D peaks. Their
mean values along with the standard deviations are summed up
in Table S1, Supporting Information. It has been shown that ag
and @, exhibit dissimilar responses to doping and strain varia-
tions, respectively.l?>##] [n contrast, we noticed similar, mainly
doping-induced dependences of wg and @,p since our graphene
films are practically strain-free. The upshifts of the G and 2D
peaks accompanied by reductions in I,p/I; (Figure 3b,d) as well
as in I'g and T, (Figure 3c.e) are in excellent agreement with
increasing p-type doping concentrations in the graphene layers
as extracted from Figure 3a (Ni — kidney tissue — SiO,). Fur-
thermore, narrow I'¢ values (=16.89 cm™ on Ni, =15.32 cm™ on
kidney tissue, and =11.89 cm™ on SiO,) indicate low structural
disorder in the graphene lattice, in line with minor defect densi-
ties (small Ip/I) and strain levels as revealed above.?%]

2.4. Energy-Level Alignment and Molecular Structure

There are two main molecular selection rules that determine
separately and/or concurrently the efficacy of the GERS and
FLQ phenomena. On the one hand, the HOMO and LUMO
energy levels of the molecules should be located in the right
energy range with respect to the Fermi level Er of graphene to
allow charge transfer. On the other hand, the structure of the
molecules should follow the symmetry of graphene to mini-
mize the space between them and thus to strengthen the mole-
cule-graphene coupling.?*# Thus, the closer the alignment of
energy levels and distance between graphene and molecules,
the more effective the charge transfer at the interface between
them, and the larger the FLQ and GERS effects. The charge
transfer paths involve the wave function overlap as well as elec-
tron-photon and electron-phonon coupling between graphene
and molecules, while the charge shift direction is difficult to
assess because of the presence of different molecules on both

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. a) Correlation plot used to separately quantify strain and doping levels in graphene based on published dependences measured by modifying
strain/doping at fixed doping/strain (black/red solid lines, red dashed line is the linear fit to the red solid line). b—e) Extra correlation plots that quali-
tatively support the strain—doping development in (a). The related data in (a—e) are summarized in Table S1, Supporting Information. f) Molecular
structures (first row) and energy level alignment (second row) between the Fermi level of our p-doped graphene (dashed purple line) and the HOMO/
LUMO energies (purple solid lines) of biocompatible nitrocellulose molecules and two amino acids in the kidney tissue. g) Calculated doping concen-
trations in monolayer graphene that are needed, in principle, to align its Fermi level and work function with the HOMO/LUMO energies of 20 amino
acids usually present in biological molecules. The exact values and abbreviations can be found in Tables S2 and S3, Supporting Information.

sides of graphene.l'®32 The combination of these factors for
our biomolecule—monolayer graphene—kidney tissue hybrid
structures is illustrated in Figure 3f. Knowing the hole doping
concentration p = —4.01 x 102 ¢m in graphene on kidney
tissues evaluated by Raman, we estimated an Ep down shift
of =~0.26 eV using Ej (n)=h|ve|\/an, where n is the carrier
concentration in cm™, h = 6.58 x 1071 eVs is the reduced
Planck’s constant, and |[v{ = 1.1 X 10° ms™! is the Fermi velocity.
Consequently, the work function of graphene with respect
to the vacuum level changes from ®¢, = —4.6 eV (neutral) to
@, G, ~ —4.86 eV (p-doped).”* The HOMO and LUMO values
for the biocompatible nitrocellulose molecules on top of gra-
phene as well as for the phenylalanine and tyrosine amino acids
in the kidney tissue below graphene (plus other amino acids)
were obtained from literature data.**- These HOMO/LUMO
levels and their energy differences relative to Ep of p-type gra-
phene (AEyyp/AE;y) are listed in Table S2, Supporting Informa-
tion. The smaller AEy; of =0.09, =~0.34, and =—0.29 for top and
bottom molecules in our case indicate a favorable energy-level

Adv. Mater. Technol. 2021, 6, 2100385 2100385 (5 of 9)

alignment of HOMO with p-doped graphene, which fits very
well with the Raman findings.

Despite the heterogeneous molecular structure of tissues and
large biomolecules like nucleobases, peptides, and proteins, their
constituent amino acids are considered the basic building blocks
interacting with GBMs.[2>*%2] Amino acids containing aromatic
rings (phenylalanine, tryptophan, and tyrosine) were shown
to be strongly adsorbed in a parallel orientation on the surface
of GBMs via 77 interactions.’ However, we observed rela-
tively moderate GERS factors for the Raman peaks of tyrosine
(=2.1, =2.42) and phenylalanine (=5.24) as displayed in Figure 2c
although their symmetry is close to that of graphene as revealed
by the chemical structures in Figure 3f. While in previous theo-
retical and experimental investigations amino acids are let to
relax and reach their equilibrium positions over graphene, >34
in our configuration the kidney tissues and hence the amino
acids are first fixed on a non-graphitic surface and then graphene
is transferred atop. We believe that this reversed geometry allows
less freedom of movement and therefore leads to larger distances

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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between graphene and amino acids, which can explain the lim-
ited EFs. As expected, the molecules on top of graphene experi-
ence little geometrical constrains that combined with their chem-
ical structure (Figure 3f) promote arrangement in more effective
equilibrium configurations resulting in a smaller separation and
a higher GERS figure of =10.1 (Figure 2c).

The molecular structural variability of amino acids enables not
only different binding affinities to GBMs through non-covalent
van der Waals, 77 stacking, and hydrophobic interactions, but
also distinct electronic structures.*!! The latter leads to specific
HOMO and LUMO energy levels for amino acids that can be used
as orientation values to tune the Ef position of graphene through
external p- or n-type doping for efficient charge transfer in pro-
spective studies.?>*! This perspective is presented in Figure 3g
with the corresponding data and abbreviations being summarized
in Table S3, Supporting Information. It shows that by varying the
carrier concentration in graphene, its Fermi level and thus work
function can in principle be shifted such that an alignment either
to the HOMO or LUMO energies of amino acids is achievable
(green and light orange open circles, respectively). A closer energy
level alignment can promote additional charge transfer between
molecules and graphene and thus increased FLQ and Raman
enhancement.?%2232] Nevertheless, more research is needed
to account for the hybridization of the electronic states in every
hybrid biological system that can modify the HOMO and LUMO
energies to some extent relative to isolated amino acids.l>!
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2.5. Comparison with Photobleaching

The use of various chemicals to reduce inherent autofluorescence
of tissue sections generates additional Raman bands that overlap
with those of tissues making a straightforward materials sepa-
ration challenging. Photobleaching represents a label-free FLQ
alternative, which is based on prolonged light irradiation causing
a photochemical transformation of fluorophore molecules in
biological entities.l3334>] We exposed the kidney tissues without
graphene to three laser excitation wavelengths (457, 532, and
660 nm) and measured the time evolution of partial FL/Raman
spectra every 2 min for 40 min as displayed in Figure 4. The
Raman peaks superimposed on the autofluorescence background
are barely (457 nm) or better (532, 660 nm) visible, along with the
laser line at 0 cm™ and the cut-off of the edge filters. In particular,
more and well-defined tissue Raman features were obtained with
the red laser (Figure 4c) mainly because the 660 nm excitation
and the emitted Raman light at higher wavelengths are located
on the decreasing tail of the FL curve resulting in less back-
ground signal (Figure 2a). Therefore, all Raman measurements
in this paper were performed with the red laser.

Note in Figure 4d that the anticipated decrease in the FL back-
ground (blue, green, red curves with squares) coexists with an
overall reduction in Raman intensities as exemplified for the
phenylalanine peak at =1001 cm™ (red curve with triangles).
Given the moderate employed laser powers and the similar
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Figure 4. a—c) Photobleaching treatments of the kidney tissue without graphene excited with three laser wavelengths: 457, 532, and 660 nm. Partial
fluorescence/Raman spectra emitted by the kidney tissue were recorded every 2 min for a total time of 40 min. d) The reduction in the autofluores-
cence background (curves with squares) is accompanied by the decrease in Raman intensities (curve with triangles), the latter being illustrated for the

phenylalanine Raman band (peak 3 in (c) and Figure 2b,c).
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measured spectral responses over time, we attribute these results
to slight laser-induced changes in the structure of biomolecules
because of the extended laser irradiation affecting the tissue
integrity. In this context, our approach to exploit monolayer gra-
phene in hybrid biomolecular systems outlines its multi-role as
large contact and loading area for the biomolecules below and
above graphene, respectively (Figure 1), as well as concomitant
FLQ and Raman enhancement platform (Figure 2a,c). Moreover,
the kidney tissue and graphene layer preserve their structural
integrity, the latter showing virtually constant, low defect den-
sities due to non-covalent interface interactions, which enable
both qualitative (Figures 2d-f, 3b—e) and quantitative (Figure 3a)
strain and doping analyses. Thus, the combined graphene-
induced FLQ and double-sided GERS effects demonstrated in
this work constitute an important progress over standard pho-
tobleaching. However, we speculate that the use of GBMs and/
or photobleaching to reduce the autofluorescence background of
biological materials will depend on the application.

3. Conclusion

In summary, we have systematically studied hybrid biomo-
lecular-graphene structures by following the evolution of
micro-Raman and FL spectra in subsequent layered materials.
It is found that the graphene-enhanced Raman scattering
effect occurs for biomolecules in intimate contact with gra-
phene on both sides, an advancement over typical GERS that
we coined double-sided GERS. The interaction with graphene
also leads to quenching of autofluorescence originating from
the kidney tissue. The strength of double-sided GERS and FLQ
was explained by the capability of biocompatible nitrocellulose
molecules and amino acids in the kidney tissue to achieve cer-
tain equilibrium arrangements when adsorbed on graphene
and located below it, respectively. These geometries can result
in different distances between molecules and graphene that
along with their symmetry and relative energy level alignment
impact the charge transfer among them.

Compared to normal photobleaching without graphene, we
observed the expected reduction in the FL background, but
this comes at the cost of some laser-induced structural changes
of biomolecules in the kidney tissue. This is indicated by
decreasing tissue Raman peak intensities upon prolonged laser
irradiation, which is in contrast to the Raman enhancements
caused by the presence of graphene. Moreover, we theoreti-
cally show that by tuning the hole or electron concentration in
graphene through doping, the Fermi level of graphene can be
aligned to the HOMO or LUMO energies of amino acids as the
key constituents of biological entities interacting with GBMs.
This opens the way toward engineering graphene-based drug
delivery systems including optimized Raman/FL imaging and
sensing through non-covalent interactions.

4. Experimental Section

Human Kidney Tissue: Cryo-fixed archival human kidney tissue was
provided by the Department of Nephropathology at Friedrich-Alexander-
University of Erlangen-Niirnberg (FAU). Sections of =5 um thickness
were transferred on Ni-coated Si wafers followed by air drying overnight.
The kidney showed no evidence of renal disease and was obtained from
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distant portion of a kidney surgically excised because of the presence of
a localized neoplasm. The use of kidney biopsies was approved by the
Ethics Committee of the FAU, waiving the need for retrospective consent
for the use of archived rest material (reference number 4415).

Graphene Transfer: Predominantly single-layer graphene films were
grown by chemical vapor deposition (CVD) on copper foils using a
two-step process as described previously.?l The graphene-on-copper
samples were spin-coated with a collodion solution (2% nitrocellulose
in a 1:1 mixture of diethyl ether and ethanol) at 2500 rpm for 45 s and
let dry in air for 5 min. Oxygen plasma was employed to etch graphene
from the uncovered side of the copper foils. Afterward, the copper foils
were etched in a solution of ammonium peroxo-disulfate (2.5 wt%) and
deionized water for 24 h. The remaining nitrocellulose-graphene layers
were rinsed in deionized water and transferred onto kidney tissue/Ni/
Si and SiO,/Si reference substrates, which were then let dry in air for
2 h at an inclined angle. Finally, most of the biocompatible nitrocellulose
layer was removed by submerging the samples in a 2:1 mixture of
diethyl ether and ethanol for 24 h, followed by a short deep cleaning in
deionized water. Note that this new collodion-mediated transfer method
of CVD graphene does not require heating, contrary to the commonly
used PMMA-assisted transfer procedure, that is, the structural and
chemical properties of the kidney tissue, graphene, and biomolecules
were not altered by any thermal annealing step.?’) Moreover, the cryo-
fixed human kidney tissues were prepared without staining and paraffin
embedding matrix to avoid every damage and spectral artifacts, thus
ensuring reliable and reproducible FL and Raman spectra from the
kidney tissue.l25%6:7]

FL and Raman Measurements: A LabRam HR800 spectrometer from
Horiba Scientific was used in a backscattering geometry under ambient
conditions at room temperature. Ten FL emission spectra of kidney
tissue without and with monolayer graphene on top were excited and
collected at different locations through a 50x objective (numerical
aperture (NA) 0.8, Nikon) employing a 457 nm laser wavelength, a
probing macro-beaml® of 100 x 100 um? and a laser power on the
sample surface of =165 uW. Two mean FL spectra were then calculated
and compared in Figure 2a. Three Raman maps (60 x 60 um?) for each
combination of materials including Ki/Ni, Mo/Gr/Ni, Mo/Gr/Ki/Ni, and
Mo/Gr/SiO, reference were acquired at distinct positions using a 100x
objective (NA 0.9, Olympus), a laser excitation wavelength of 660 nm,
a probing micro-beam diameter of =1 um, a step size of =0.7 um, and
a laser power of =1.28 mW. Examples of Raman intensity maps of the
same area along with their single Gaussian fitted histograms indicating
uniform spatial deviations in the molecular structure of the kidney tissue
below graphene and molecule coverage on top of graphene are displayed
in Figure S4, Supporting Information. Such variations were inherent to
the kidney tissue and non-covalent coverage with transfer molecules on
large-area graphene. Next, mean Raman spectra were computed and
shown in Figure 2b and Figures S2 and S3, Supporting Information
after and before FL background subtraction, respectively. The mean FL/
Raman spectra were corrected for the =4.6% light absorption in single-
layer graphene both in excitation and detection.>! By fitting all spectra
individually, correlative 2D plots/?’l were also obtained and displayed in
Figure 3a—e. Here, for better visualization, the data points in histogram
bins with < 50 counts were removed, corresponding to < 4% from total.

Photobleaching: The kidney tissue samples were irradiated through a
50x objective (NA 0.8, Nikon) with 457, 532, and 660 nm laser wavelengths
employing a probing macro-beam of 100 x 100 um? and laser powers of
=165 uW, 1.76 mW, and 1.28 mW. Three exposures were performed for
each wavelength at different positions, each exposure lasted 40 min and
every 2 min partial FL/Raman spectra were measured, which are shown
and analyzed in Figure 4. Note that the used laser powers adjustable by
filters did not result in visible structural damage as confirmed by optical
microscopy and FL/Raman spectra with alike features.

Supporting Information

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