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A B S T R A C T

Experimental and quantitative methods for studying protein-graphene interactions remain limited, despite their 
importance for biosensing and biointerface engineering. Here, we report Fluoro4Graphene, a three-step high- 
throughput fluorescence-based screening assay for the identification of graphene-binding peptides. In this 
platform, candidate peptides are genetically fused to the phytase of Yersinia mollaretti, which serves as a reporter 
enzyme by converting 4-methylumbelliferyl phosphate into the fluorescent 4-methylumbelliferone. Robust signal 
quantification is achieved by transferring the soluble fluorophore to a secondary microtiter plate prior to 
detection, thereby avoiding graphene-induced fluorescence. The assay is performed directly from crude 
Escherichia coli lysates in microtiter plates coated with electrochemically exfoliated graphene flakes, eliminating 
protein purification steps and enabling high sample throughput. The platform exhibits good reproducibility, with 
a coefficient of variation of approximately 17%, allowing reliable discrimination of small differences in binding. 
Analytical performance was validated in a directed evolution campaign targeting the material binding peptide 
Macaque histatin-1, yielding variants with improved graphene surface coverage. The best variant showed a 1.44- 
fold improvement in the Fluoro4Graphene screening assay. Independent validation using surface plasmon 
resonance on high-purity graphene confirmed an increase in surface coverage from 106.19 ng/cm2 to 154.10 ng/ 
cm2. Overall, Fluoro4Graphene provides a robust, reproducible, and scalable analytical tool for the quantitative 
assessment of protein–graphene interactions.

1. Introduction

Graphene is widely used in biotechnology and biomedicine due to its 
large surface-to-volume ratio and ability to interact with biomolecules 
[1]. For many applications, including biointerfaces and functional 
coatings, a quantitative understanding of protein-graphene binding is 
essential [2]. However, experimental methods to quantitatively and 
reproducibly determine protein binding to graphene in a 
high-throughput-compatible manner remain limited. Biophysical 
methods such as quartz crystal microbalance with dissipation moni
toring (QCM-D), atomic force microscopy (AFM), and surface plasmon 
resonance (SPR) are unsuitable for screening hundreds of samples in 
typical directed evolution campaign timeframes [3–5].

Fluorescence-based screening methods are commonly used in high- 
throughput protein engineering. However, graphene is reported to 
quench fluorescence [6], which presents a significant limitation for 

fluorescence-based screening platforms using graphene surfaces. For 
instance, green fluorescent protein (GFP)-fusions [7,8] cannot be used 
for binding studies on graphene due to quenched GFP fluorescence [9]. 
Consequently, there is a strong need for alternative reporter systems that 
enable reliable signal generation independent of graphene-induced 
fluorescence quenching.

Graphene is a 2D nanomaterial with unique mechanical, electrical, 
and chemical properties due to its single-layer sp2-hybridized carbon 
atoms, yielding π-π orbitals for delocalized electrons. The nanomaterial 
is optically transparent, whereas the C=C-network imparts extreme 
mechanical stiffness [10]. The extraordinarily high surface-to-volume 
ratio and chemical inertness make graphene-based materials (GBMs) 
ideal transducers, with exceptionally high sensitivity to thermal and 
electrochemical changes influencing their electrical conductivity [10,
11]. Interestingly, some reports suggest that graphene displays 
biocompatible characteristics [12], leading to broad applications in 
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engineering, electrochemistry [13], biotechnology, and biomedicine; 
examples comprise tissue engineering [14], bioimaging [15], drug de
livery [16], photothermal therapy [17], as well as highly sensitive bio
sensors [18]. For the above-mentioned applications, GBMs are required 
to undergo surface functionalization to employ desired functionalities, 
such as biomolecular receptors for analyte detection or enhanced cell 
adhesion [19–21]. Conventional functionalization strategies of GBMs 
can be divided into covalent and non-covalent bonding methodologies 
[22,23]. Covalent modification strategies for GBMs with a high C/O 
ratio, such as graphene, are often achieved through the reaction of 
radicals [24] or dienophiles [25]. However, using covalent functional
ization perturbs the π-conjugated system, often resulting in unfavorable 
material characteristics such as low charge-carrier mobility and dispa
rate optical properties [22,23]. The non-covalent methods for graphene 
functionalization are mainly based on adsorption through interactions 
with the extensive π-electron network, minimally impacting the char
acteristics of graphene [18,22,23,26]. Non-covalent immobilization 
methods typically use small aromatic molecules such as pyrene or its 
derivatives [22,26,27]. As an alternative to synthetic molecules, bio
logical molecules, such as single-stranded nucleic acids (ssDNA) or 
peptides, can be used [22,26,27]. Aromatic bases within ssDNA bind via 
π-π stacking and hydrophobic interactions, while peptides can addi
tionally bind via charged interactions [28–31]. Reports on biobased 
graphene coatings show possible improvement of biocompatibility and 
environmental performance of graphene and enable applications, such 
as drug delivery, tissue engineering, or biomarkers [32–35]. A challenge 
of non-covalent functionalization of graphene is the desorption of bound 
moieties [22].

Graphene-binding peptides have previously been identified by phage 
display methodologies or were synthesized de novo based on educated 
guesses or computational design [31,36–45]. As a general trend, the 
repetition of positively charged (predominantly arginine; histidine 
below pH 5 or lysine) or aromatic amino acids (e.g., tryptophan, tyro
sine, histidine > pH 7) seems beneficial for graphene binding [28,31]. So 
far, the longest graphene-binding peptides identified by phage display 
are dodecapeptides [46].

Material binding peptides (MBPs) are small peptides (20 to 100 
amino acids) capable of binding material surfaces from aqueous solu
tions [47,48]. They are classified as natural or engineered MBPs [46,47,
49]. Unlike phage-display-derived peptides, MBPs have a defined 
domain/3D-structure that enable spatial recognition [46]. Their binding 
potential depends on sequence, structure, and charge, and includes 
inorganic, organic, and natural materials [7,50,51]. MBPs are compat
ible with scalable coating methods, such as dip and spray coating [46,
52,53]. They can reach maximal surface coverage within 20 s on carbon 
nanotubes at ambient temperature [54].

A prominent MBP that binds to several polymers, such as poly
ethylene terephthalate, polyamide 6, polyamide 6.6, polyethylene, 
polypropylene, and polyvinyl chloride, is Macaque histatin 1 (MacHis) 
[55]. MacHis is a 38-amino acid-long histidine-rich peptide found in 
Macaca fascicularis, which exhibits antimicrobial and antifungal prop
erties [56]. No NMR or crystal structure is known. Simulations such as 
AlphaFold suggest that there is no defined secondary structure [57]. 
Whereas TopModel suggests a helical-loop structure [51].

Protein engineering, through directed evolution or rational design, 
enables the adjustment of MBP properties to meet application demands, 
such as enhancing binding strength or enabling material-specific bind
ing [46,51,58]. A prerequisite for the directed evolution of MBPs is a 
robust and reliable high-throughput compatible screening system. Such 
systems are routinely employed in directed evolution campaigns, usu
ally with a coefficient of variation (CV) below 20% [58,59]. The directed 
evolution of an MBP for graphene has not yet been reported, largely due 
to the lack of suitable high-throughput analytical screening methods. 
Enzyme-based colorimetric or fluorogenic reporter systems, such as the 
phytase of Yersinia mollaretti (YmPh), offer a promising alternative [7]. 
Phytases catalyze the release of inorganic phosphate by hydrolysis of 

phytate [60]. Several substitute substrates, such as 4-methylumbelliferyl 
phosphate (4-MUP), can be used in the reaction. During 4-MUP hydro
lysis, the fluorescent product, 4-methylumbelliferone (4-MU), is 
released into solution [61]. The fluorescent solution, transferred to a 
fresh microtiter plate, overcomes the quenching effects of graphene.

In this study, we developed and validated a robust high-throughput 
screening platform, named Fluoro4Graphene, to quantitatively measure 
the binding by the relative surface retention of a MBP (MacHis) on the 
surface using an analytical readout. The Fluoro4Graphene screening 
system is employed in a microtiter plate format (96 wells) and is based 
on 4-MUP and the YmPh as a reporter enzyme. Fluoro4Graphene com
prises three steps: I: Plate coating with few-layered graphene flakes, II: 
Sample binding including the protein binding, and III: Signal detection. 
The robustness of the system was validated with a variant library of 
MacHis fused to YmPh. After the screening of 840 MacHis variants, 11 
improved MacHis variants for binding on the surface of graphene were 
identified. Surface coverage was finally determined by SPR on high- 
purity graphene, confirming that a single substitution in MacHis can 
be quantitatively resolved for the selected screening conditions using the 
developed platform.

2. Experimental section

2.1. Materials

All used chemicals were purchased from AppliChem GmbH (Darm
stadt, Germany), Carl Roth GmbH (Karlsruhe, Germany), and Sigma- 
Aldrich Chemie GmbH (Steinheim, Germany) with a purity of 
analytical-reagent grade or higher. Oligonucleotides were obtained from 
Eurofins Scientific SE (Ebersberg, Germany) in salt-free form. The GFP 
polyclonal antibody conjugated with horse radish peroxidase (catalogue 
number: 600-103-215) was purchased from Thermo Fisher Scientific 
Inc. (Waltham, Massachusetts, USA), and enzymes and enzyme mixes 
were purchased from New England Biolabs GmbH (Frankfurt am Main, 
Germany) or PCR Biosystems (London, England). Polymerase chain re
action purification and plasmid extraction kits were purchased from 
Macherey-Nagel GmbH & Co. KG (Düren, Germany). PP/Polyolefin 
0.45 μm pore-sized PTFE filter plates were purchased from Merck Mil
lipore (Burlington, Massachusetts, USA), and PS 96-well microtiter 
plates from Greiner Bio-One GmbH (Frickenhausen, Germany). Gold 
SPR chips were purchased from BioNavis Ltd (Tampere, Finland) and 
coated with single layer graphene film with grain size of up to 20 μm 
synthesized via CVD method on Cu foil (Cu thickness of 18 μm) (Raman 
Spectroscopy on each batch: I(G)/I(2D) < 1.25; I(D)/I(G) < 0.1 on 
90 nm SiO2/Si substrate, Sheet Resistance on SiO2/Si: 350 ± 40 Ohms/ 
sq (1 cm × 1 cm)) from Graphenea, Inc. (San Sebastian, Spain). Gra
phene dispersion (1 mg/mL in DMF, Graphene preparation method: 
electrochemical exfoliation, sheet size by AFM: micrometer range as 
stated by supplier, oxygen content: 7.5% (by XPS) (C/O-ratio: 12.3), 
Raman I_D/I_G ratio: 0.4, sheet resistance 4.8 kΩ/sq, average number of 
layers, 1 3) was purchased from Merck KGaA (Darmstadt, Germany).

2.2. Strain construction

The plasmids pALXtreme:YmPh-17xHelix-TEV-LCI, pALXtreme: 
YmPh-17xHelix-TEV-Cecropin A, and pALXtreme:YmPh-17xHelix-TEV- 
Tachystatin A2 were available in the group and are described in 
Ref. [60]. The plasmid pALXtreme:YmPh-17x-Helix-TEV was generated 
from pALXtreme:YmPh-17x-Helix-TEV-LCI, and pALXtreme: 
YmPh-17x-Helix-TEV-CBP1 was generated from pALXtreme: 
YmPh-17x-Helix-TEV by site-directed mutagenesis using the 
KLD-enzyme Kit from New England Biolabs GmbH (Frankfurt am Main, 
Germany). The plasmid pALXtreme:YmPh-17x-Helix-TEV-MacHis was 
obtained by homologous recombination of pALXtreme: 
YmPh-17xHelix-TEV-LCI and pET28(+):StrepII-eGFP-17xHe
lix-TEV-MacHis in E. coli DH5α [62] from Invitrogen (Karlsruhe, 
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Germany). E. coli BL21-Gold (DE3) lacIQ1 (in-house) cells were trans
formed with these plasmids by heat shock according to the protocol 
given by New England Biolabs GmbH (Frankfurt am Main, Germany). 
The primer and amino acid sequences of proteins can be found in 
Tables S1 and S2.

2.2.1. MacHis-library construction
The YmPh-MacHis library was generated by epPCR using the primers 

as described in Table S1, Taq-Polymerase, and 0.3 mM MnCl2 for di
versity generation of the gene encoding MacHis in 30 rounds. PCR 
fragments were used as megaprimers to perform the MEGAWHOP 
method with pALXtreme:YmPh-17x-Helix-TEV-MacHis as the template 
[63].

2.3. Expression of the MacHis library

Freshly transformed single colonies were picked from agar plates and 
used to inoculate 96-F-bottom-well plates from Greiner Bio-One GmbH 
(Frickenhausen, Germany) with 150 μL of LB-medium (yeast extract 
10 g/L, tryptone 5 g/L, NaCl 5 g/L) containing 50 μg/mL carbenicillin in 
each well. Each plate contained, in addition to the variants, four positive 
controls, YmPh-MacHis WT, four negative controls, YmPh (no MBP), 
and four sterility controls. Precultures were incubated in an Infors AG 
(Bottmingen, Switzerland) HT Multitron incubator (900 rpm, 8 h, 37 ◦C, 
60% humidity). 5 μL of the preculture was transferred into 96-V-bottom 
well plates containing 145 μL of ZYM-medium [64] with 50 μg/mL 
carbenicillin, incubated in an Infors AG (Bottmingen, Switzerland) HT 
incubator (900 rpm, 16 h, 37 ◦C, 60% humidity), and harvested by 
centrifugation in the Eppendorf SE (Hamburg, Germany) centrifuge 
5810R (3200 rcf, 10 min, 4 ◦C). The supernatant was discarded, and the 
pellets were stored at − 20 ◦C for further use.

2.4. Expression and purification of YmPh-MacHis variants

5 mL of 50 μg/mL carbenicillin-containing medium was inoculated 
with the variant-expressing strain directly from a cryoculture. Cultures 
were incubated in an Infors AG (Bottmingen, Switzerland) HT incubator 
(200 rpm, 8 h, 37 ◦C). For expression, 2 mL of the preculture was 
transferred to a flask with 200 mL of 50 μg/mL carbenicillin containing 
ZYM-Medium [99] and incubated in an Infors AG (Bottmingen, 
Switzerland) HT incubator (200 rpm, 16 h, 37 ◦C). Cells were harvested 
by centrifugation in the Thermo Fisher Scientific Inc. Sorvall RC 6+
(4000 rcf, 10 min, 4 ◦C) (Waltham, Massachusetts, USA). The superna
tant was discarded, and the pellets were stored at − 20 ◦C until further 
use. For purification, pellets were resuspended in 10 mL of Tris-HCl 
buffer (pH 8, 50 mM) and sonicated (65% amplitude, 5 min on, 15 s/ 
15 s on-off cycles) with the ultrasonic processor Vibra Cell VCX 130 from 
Sonics & Materials, Inc. (Newton, Connecticut, USA). Lysate was 
centrifuged in an Eppendorf SE (Hamburg, Germany) centrifuge 5810R 
(11,000 rcf, 30 min, 4 ◦C). The supernatant was filtered through a filter 
with a pore size of 0.2 μm and loaded onto a 1 mL Ni-IDA 1000-column 
from Macherey-Nagel GmbH & Co. KG (Düren, Germany). Flowthrough 
was discarded, and the column was washed with 5 mL 20 mM imidazole 
in Tris-HCl buffer (pH 8, 50 mM). Flowthrough was discarded, and 
protein was eluted with 3 mL 400 mM imidazole in Tris-HCl buffer (pH 
8, 50 mM). The eluate was loaded onto an equilibrated PD-10 Sepharose 
column from Cytiva (Marlborough, Massachusetts, USA) and eluted with 
3 mL Tris-HCl buffer (pH 8, 50 mM). The protein was stored at 4 ◦C until 
further usage.

2.5. Fluoro4Graphene system, including coating, binding, and detection

I Coating: 0.45 μm pore-sized PTFE filter plates from Merck Millipore 
(Billerica, Massachusetts, USA) were blocked with 5% BSA in TBST (50 
mM Tris-HCl pH 8, 150 mM NaCl, 0.05% Tween), 16 h, 4 ◦C). The 
blocking agent was filtered using a vacuum pump (350 mbar for 15 s), 

followed by the addition of 100 μL of 20 μg/mL graphene in 5% BSA 
TBST, which was then filtered through the plate. The graphene surface 
was dried at 65 ◦C for 3 h. II Binding: Cell pellets were resuspended and 
lysed by adding 150 μL of Lysozyme (1.5 mg/mL) and DNase1 (25 μg/ 
mL) in 5% BSA TBST and incubated (37 ◦C, 900 rpm, 1 h). The lysate was 
centrifuged in an Eppendorf SE (Hamburg, Germany) centrifuge 5810R 
(3200 rcf, 30 min, 4 ◦C). The cleared supernatant was diluted (175 μL 
5% BSA TBST + 75 μL lysate) and added to the graphene-coated plate. 
For the binding reaction, the plate was incubated (15 min, 500 rpm, 
25 ◦C). Excess protein was washed away by 500 μL Tris-HCl buffer (pH 8, 
50 mM) each in three wash cycles (5 min, 500 rpm, 25 ◦C). III Detection: 
150 μL of 1 mM 4-MUP in sodium acetate buffer (50 mM, pH 5) was 
added to the plate in 10 s steps between each row. The reaction was 
incubated (20 min, 500 rpm, 25 ◦C). 100 μL of the solution was trans
ferred to a black PS 96-well plate. Fluorescence was measured in the 
CLARIOstar Plus from BMG LABTECH GmbH (Ortenberg, Germany) (Ex: 
360-20/Em: 450-30, gain 500). To normalize the signal 5 μL of undi
luted crude lysate was added into a fresh black 96-well plate and mixed 
with 145 μL of 1 mM 4-MUP in sodium acetate buffer (50 mM, pH 5). 
Reaction and measurement were performed as above. Values from the 
crude lysate were used to normalize the values from the plates after the 
Fluoro4Graphene system.

2.6. Surface plasmon resonance (SPR) measurements

SPR gold chips were bought from BioNavis Ltd. (Tampere, Finland). 
Monolayer graphene on copper foil from Graphenea Inc. (San Sebastian, 
Spain) and transferred onto gold-coated SPR sensor chips using a 
PMMA-assisted wet transfer method adapted and modified from Reina 
et al. 2009 [65,66] (Fig. S1). The graphene/Cu foil was cut into smaller 
pieces using a rotary blade and fixed flat with Kapton tape to prevent 
curling. PMMA was spin-coated onto the graphene at 3000 rpm and 
baked at 120 ◦C for 3 min to ensure uniform coverage and good adhe
sion. The coated sample was treated with oxygen plasma for 35 s at 
300 W to clean the surface and improve the subsequent copper etching. 
The film was then trimmed to match the dimensions of the SPR chips. 
Copper was etched in two steps: a short (~10 s) dip in a solution of 
200 mL H2O, 50 mL H2O2, and 50 mL of 37% HCl, followed by im
mersion in a second bath (600 mL H2O, 50 mL H2O2, 50 mL HCl) for 
20 min. The resulting PMMA/graphene film was transferred to deion
ized water and left for 24 h to improve cleanliness. The films were then 
lifted out using the SPR chips as substrates and left to dry under a 
laminar flow hood for an additional 24 h to ensure uniform adhesion and 
minimize wrinkles. Once dry, the chips were placed on a hot plate to 
reinforce bonding. The PMMA layer was subsequently removed in 
acetone, rinsed with isopropanol, and dried with a gentle stream of ni
trogen. Quality of the transfer was assessed by optical microscopy, 
Raman spectroscopy with Renishaw plc (Wotton-under-Edge, UK) inVia 
19 TM micro-Raman spectrometer with Green laser (532 nm) and 1800 
grooves mm-1 (vis) gratings with a 50X magnification lens, and surface 
analysis, confirming a clean and intact graphene layer on the SPR chips 
(Figure S2, Figure S3).

All buffers were freshly filtered and degassed before the measure
ment. The SPR system MP-SPR Navi 210A VASA BioNavis Ltd. (Tam
pere, Finland) was primed with Tris-HCl buffer (pH 8, 50 mM). The 
sample was diluted in Tris-HCl buffer (pH 8, 50 mM) and injected over 
20 min with a flow rate of 10 μL/min. Afterwards, the channel was 
washed for 20 min with Tris-HCl buffer (pH 8, 50 mM) with a flow rate 
of 10 μL/min. Signal detection was done with the 670 nm laser.

3. Results and discussion

The Fluoro4Graphene system was designed to provide a robust 
analytical screening platform for studying graphene binding that does 
not rely on additional biological agents, such as antibodies, for detection 
and does not require complex methods to prepare graphene surfaces, 
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such as vapor deposition. The developed screening is based on three 
steps (Fig. 1a) that only require standard laboratory equipment and can 
therefore be easily adopted by any biotechnologist or materials scientist, 
combining the two disciplines of materials science and protein 
engineering.

In the first step, the plate coating (I), a multilayered graphene surface 
is formed in a 96-well plate. In detail, a polytetrafluoroethylene (PTFE) 
filter plate was blocked with a bovine serum albumin (BSA)-containing 
buffer solution (5% (w/v)) overnight, which is needed to prevent un
specific protein binding during the Fluoro4Graphene assay. After 
blocking, the plate is coated with a freshly prepared graphene dispersion 
(1 mg/mL electrochemically exfoliated graphene in a dimethylforma
mide (DMF) suspension diluted in a 1:40 ratio with buffer solution) 
using vacuum filtration of the solution through the membrane. After
wards, the plate is dried at 65 ◦C for 3 h to evaporate the remaining DMF; 
DMF removal ensures that neither the MBP binding nor the YmPh ac
tivity is affected. In the second step, the sample application (II), the 
MBP-YmPh fusions contained in the sample bind to the graphene sur
face. Purified protein or clarified Escherichia coli lysate, diluted in the 
BSA-containing buffer, can be used. In the third step, the signal detection 
(III), the amount of immobilized YmPh is determined by the detection of 
the fluorescence of the produced 4-MU (λex/em 372/445 nm; (Fig. 1b). 
Normalized fluorescence quantification can provide direct conclusions 
about the relative amount of protein on the graphene surface compared 
to a nonfunctionalized surface, or between different proteins. Only an 
indirect inference about the difference in binding strength under the 
defined measurement conditions can be drawn from this. The amount of 
protein per well (nmol/well) can be quantified by comparison to a 
standard reaction curve of the enzyme (see standard reaction curve; 
Fig. S4). A direct quantification of binding strength or affinity is not 
possible and, if necessary, requires further quantitative analytical 
methods following completion of the Fluoro4Graphen screening system. 
Fluorescence quenching by graphene is avoided by transferring the su
pernatant to a black 96-well microtiter plate.

3.1. Identification of suitable graphene-binding MBP

A diverse group of MBPs was selected and fused to YmPh to identify 
graphene-binding peptides for determining the robustness and reli
ability of the assay. The selected MBPs were Cecropin A (CeCa) (Hya
lophora cecropia) (P01507) [68], Liquid Chromatography Peak I (LCI) 
(Bacillus subtilis) (P82243) [69], Macaque histatin 1 (MacHis) (Macaca 
fascicularis) (P34084) [56], Tachystatin A2 (TA2) (Tachypleus tridenta
tus) (Q9U8X3) [70], and a known carbon-binding peptide (CBP1) [43]. 
Their binding to graphene was analyzed from clarified lysate via the 
developed assay (Fig. 2). Based on the high number of aromatic amino 
acids, which should bind via π-π stacking to the graphene, we expected 
MacHis and CBP1 to be retained comparatively high on the graphene 
surface. As expected, MacHis showed the highest fluorescence signal, 
but surprisingly, CBP1 did not show any signal. Previously, the binding 
properties of CBP1 were investigated on planar surfaces or single-walled 
carbon nanotubes, differing from the surface used in this system [43,
71–74]. Additionally, the reported peptide was mainly characterized 
without a fusion protein attached, in contrast to the method presented 
here [43]. Enhanced GFP (eGFP) fusion via an ELISA-based approach 
was tested to ensure the lower binding was not caused by the phytase 
fusion, which showed only weak binding for CBP1 as well. (Fig. S5).

Based on the results obtained for the MacHis fusion proteins with 
YmPh and eGFP, MacHis was identified as a suitable graphene-binding 
peptide and used in all subsequent measurements to develop and vali
date the Fluoro4Graphene screening system.

3.2. Robustness of the Fluoro4Graphene screening system

For the development of a high-throughput applicable screening 
assay, the coefficient of variation (CV) is a critical parameter, as it de
fines the lower limit of performance improvements that can be reliably 
detected. If the CV is too high, experimental noise and signal fluctua
tions obscure small improvements, which is particularly problematic 
when baseline binding levels are already substantial, and further 
enhancement is inherently limited by complete surface coverage. 
Consequently, the CV is a key metric for evaluating the suitability of 

Fig. 1. Workflow of the Fluoro4Graphene system for the detection of protein binding to graphene. (a) The Fluoro4Graphene system is divided into three steps. 
First, filter plates are coated (I), starting by blocking the surface against unspecific binding. Later, a graphene dispersion is used to generate a graphene-coated 
surface. For the sample application (II), bifunctional proteins are added to the microtiter plate. After binding, the unspecifically bound protein gets washed away 
in three washing steps. For signal detection (III), the surrogate substrate for YmPh, 4-MUP, is added. The product is quantified by fluorescence detection after transfer 
to a fresh microtiter plate. (b) Immobilized bifunctional proteins containing the binding domain (MBP), a rigid linker as a spacer and the phytase on the graphene- 
coated surface of the microtiter plate, reacting with 4-MUP to produce fluorescent 4-MU. Parts of the figure were created with BioRender [67].
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screening methods for directed evolution campaigns. High-throughput 
screenings provide a fast overview of large sample sizes, usually fol
lowed by validation of individual variants using highly sensitive and 
established analytical methods. A CV of <20% is within an acceptable 
and comparable range for these systems, especially in the field of 
biotechnology [58,59]. Here, accuracy can be affected not only by 
technical error sources but also by expression levels or lysis differences 
across single biological replicates or variants [58,59]. Therefore, a lower 
CV is not required as long as the fluctuation does not impede the iden
tification of improved binders.

The underlying 4-methylumbelliferyl phosphate (4-MUP)-based 
detection chemistry is well established and was therefore not substan
tially modified [75]; only the complexity and concentration of the so
dium acetate buffer were reduced to decrease buffer-induced 
background signal and increase the YmPh activity (Fig. S6a).

The optimal lysate volume for achieving a favorable signal-to- 
background ratio was determined by testing lysate volumes from 10 to 
150 μL for binding to graphene. All tested volumes were within the 
linear range (Fig. 3a), and the background-to-signal ratio decreased as 
lysate volume increased. For consistent signal quantification within the 
linear range, 75 μL of lysate was used per well during high-throughput 
screening in a 96-well format.

To assess assay variability under realistic screening conditions, a full 
96-well plate of MacHis wild type (WT)-YmPh biological replicates was 
produced, lysed, clarified, and the YmPh activity was measured. The 
lysate was then transferred to the graphene-coated plate, and the assay 
was performed as described above. Signal fluctuations caused by vari
ations in expression and cell lysis efficiency were minimized by 
normalizing with the previously measured signal of the corresponding 
clarified lysate for all subsequent measurements. The observed 
normalized signal strength exhibited an apparent coefficient variance 
(CV) of 16.6% and a background-corrected (“true”) CV of 17.9%, ac
counting for nonspecific binding to uncoated plates (Fig. 3b). In a 
detailed investigation to further dissect the origin of assay variability, 
the technical error of the Fluoro4Graphene system was measured. Two 

full plates, a graphene-coated plate and an uncoated plate, with tech
nical replicates, were compared. Yielding CVs of 14% for the graphene- 
coated plate and 3% for the uncoated plate (Fig. 3c), indicating that the 
dominant source of variability originates from the graphene coating 
rather than from the fluorogenic detection or liquid handling. These 
results demonstrate that normalization effectively compensates for 
biological variability. In contrast, the technical variability results in a 
comparable degree of heterogeneity on the non-planar filter surface 
formed by electrochemically exfoliated graphene flakes, thereby build
ing a multilayered graphene surface. Therefore, the Fluoreo4Graphene 
system can be used as a fast and practical method for identifying indi
vidual proteins or variants. If more information on the quantification of 
binding strength is required, these proteins should always be investi
gated further using more surface-sensitive, quantitative methods on a 
high-quality graphene monolayer.

The stability of pre-coated graphene plates was evaluated by storing 
a coated plate at 4 ◦C for seven days and comparing its performance with 
that of a freshly prepared plate. No loss in fluorescence signal was 
observed for the stored plate, and only a minor increase in deviation was 
detected (Fig. 3d). In subsequent experiments with additional MBP 
variants, this increased deviation was no longer observed, indicating 
that the coating and blocking procedures yield stable and reproducible 
surfaces (Fig. S6b).

Finally, the applicability of the screening method across different pH 
conditions was assessed by washing in buffers ranging from pH 8 (Tris) 
to pH 5 (sodium acetate), which correspond to the assay buffers. After 
protein binding, washing could be performed with either buffer without 
affecting signal intensity. The YmPh-MacHis fusion remained bound at 
lower pH values, and YmPh activity was retained (Fig. 3e), consistent 
with the reported robustness of the enzyme across a broad range of 
conditions [75].

In summary, the broad linear range, low CV, and robustness to 
storage and varying buffer conditions position the Fluor4Graph 
screening system as a promising high-throughput screening method for 
the directed evolution of MBPs for graphene.

3.3. Validation of Fluoro4Graphene screening system by directed 
evolution of YmPh-MacHis for improved binding to graphene

A directed evolution campaign for MacHis was conducted to validate 
the system. In total, 840 YmPh-MacHis variants were screened. The 
error-prone PCR (epPCR) to generate mutations (DNA level) was only 
applied to the MBP MacHis coding region. An MnCl2 concentration of 
0.3 mM resulted in a mutational frequency of 12 per kilobase, yielding 
1.4 mutations on average in the MacHis gene. The Fluoro4Graphene 
system showed a high fluorescent signal of the MacHis fusion proteins to 
the surface, while SPR measurements determined a surface coverage of 
about 106 ng/cm2 of YmPh-MacHis (Fig. 6b). The approximate surface 
coverage was calculated (Table S3) using an AlphaFold model of the 
protein to estimate its size and shape (Fig. S7). Assuming a monolayer on 
a planar surface, the approximate surface coverage should be 54%, 
allowing for roughly a twofold improvement in binding. Therefore, all 
variants with an improvement of more than 1.5 in the first screening 
round were rescreened. The eleven best-performing variants were sub
sequently sequenced (Fig. 4).

In the 11 best-performing variants, the following exchanges were 
observed: Five substitutions from glutamic acid (negative charge) to 
other uncharged amino acids, primarily glycine. Five substitutions from 
histidine to arginine (positive charge). Two truncations that removed 
aspartic acid (negative charge). Overall, these alterations reduce the 
number of negative charges, resulting in a peptide with a net charge of 
+4 to +5 instead of +3. Two types of substitutions were observed here: 
the introduction of positive charges by arginine or the reduction of 
negative charges by exchange or removal of negatively charged amino 
acids (Fig. 4a) [76].

Previous studies showed that mainly aromatic and positively 

Fig. 2. Fluorescent binding signal of different MBPs using the Fluo
ro4Graphene system. Comparison of protein binding on graphene amongst 
various peptides fused to YmPh. Bacteria were cultured in 96-well microtiter 
plates. Diluted lysate (3:7) of the cell pellet was used for protein immobiliza
tion. w/o MBP relates to a control expressing only the YmPh phytase without a 
genetically fused peptide. Samples bound to the graphene-coated surface (■) 
were compared to samples bound to an uncoated control plate (□). The signal 
was normalized to the signal of the crude lysate. Mean and standard deviation 
were calculated from three biological replicates.
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charged amino acids are beneficial for binding to graphene [28–30,77]. 
Arginine was previously identified several times as one of the best 
binders [28–30,77]. Interestingly, almost no exchanges to the positively 
charged amino acid lysine were found. Although lysine can be absorbed 
onto the graphene surface due to electrostatic cation-π interactions over 
the amine group (NH3

+). Previous reports suggest that the long alkyl 
chain leads to steric hindrance as well as a higher energetic penalty 
during adsorption due to the stronger hydration shell formed by the 
localized charge at the amine group. On the other hand, the guanidinium 
moiety of arginine is planar with a delocalized charge, leading to a 
smaller hydration shell and adding the possibility to bind via π-π 
stacking due to its sp2 hybridized carbon to graphene surfaces in addi
tion to electrostatic interactions [28,78,79]. This leads to a low free 
energy of adsorption, making arginine a favorable binder [28]. The 
strong binding of arginine to graphene is also in agreement with our 

measurement. Here, arginine is preferred over histidine. The imidazole 
ring of histidine can be positively charged under acidic conditions, 
thereby enhancing binding to graphene via electrostatic interactions. 
Under neutral conditions, histidine can only interact via π-π stacking. 
Simulations showed that arginine binding is energetically preferred at 
neutral pH, likely due to the planar moiety and the combined cation-π 
and π-π interactions [31,80]. Besides the introduction of positive 
charges, the reduction of negative charges was observed. In two vari
ants, the peptide was truncated at the C-terminus by exchanging tyro
sine for a stop codon, resulting in the deletion of an aspartic acid. 
Negatively charged amino acids have a high free energy of adsorption 
due to their repulsive net charge, as well as their hydrophilic nature, and 
are therefore unfavorable for binding to graphene [28]. The second 
trend observed for the reduction of negative charge was the exchange of 
glutamate at position 4. Here, 80% of the substitutions were towards 

Fig. 3. Validation of the Fluoro4Graphene system as a high-throughput screening system. (a) Linear correlation between lysate volumes from 10 to 150 μL and 
fluorescence signal for YmPh-MacHis bound to a graphene-coated plate (●) and an uncoated plate (○). Mean and standard deviation were calculated from 42 
biological replicates for each condition. The coefficient of determination (R2) was calculated with OriginPro 2024. (b) Apparent coefficient of variation (CV) (●) and 
true CV (○) after subtraction of the background signal. The signal of bound protein was normalized against the fluorescence signal of the crude lysate. Apparent CV 
was measured in 96 biological replicates of protein bound to a graphene-coated plate. Background signal was measured in 96 biological replicates of protein bound to 
an uncoated plate. (c) Binding test of technical replicates for the detection of technical error. E. coli BL21 (DE3) lacIQ1 harboring the overexpression plasmid encoding 
ymph-machis WT was incubated (8 h, 37 ◦C, 200 rpm) in LB medium containing 50 μg/mL carbenicillin. The culture was diluted 1:100 in 200 mL ZYM-medium, and 
protein was produced for 16 h, 37 ◦C, 200 rpm shaking. Bacteria were centrifuged (8000 rpm, 10 min, 4 ◦C, Sorvall). The pellet was resuspended in 10 mL 5% BSA in 
TBST (50 mM Tris-HCl pH 8, 150 mM NaCl, 0.05% Tween). The bacterial cells were lysed with 15 mg/mL lysosome, and the cell debris were centrifuged for 30 min, 
4 ◦C at 4000 rpm. The supernatant was used for the Fluoro4Graphene system with a whole 96-well microtiter plate coated with graphene and an uncoated 96-well 
microtiter plate (175 μL 5% BSA TBST + 75 μL lysate per well). Mean and standard deviation were calculated from 96 technical replicates. (d) Minimal possible 
storage time for graphene-coated plates. Two 96-well PTFE microtiter filter plates were blocked with 5% TBSTB overnight and coated with 100 μL of 20 ng/mL 
graphene in 5% BSA TBST. One plate was stored at 4 ◦C for 7 days, and the other was prepared fresh on the day of the experiment. 200 nM of purified YmPh-MacHis 
was added in 4 technical replicates. The Fluoro4Graphene system was conducted on both plates in parallel. Means and standard deviation were calculated from four 
technical replicates. (e) Stability tests of immobilized YmPh on graphene-coated filter plates. 48 biological replicates of each, YmPh-MacHis and YmPh without an 
MPB, were immobilized on a graphene-coated plate as negative controls. After immobilization, 24 replicates of each protein were washed with 50 mM sodium acetate 
buffer (50 mM, pH 5), and 24 replicates were washed with Tris-HCl (50 mM, pH 8). The further Fluoro4Graphene system was conducted as usual.
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glycine. In addition to the peptide's interaction with the graphene sur
face, its interaction with the water layer above the surface should be 
considered. Compact amino acids, such as glycine, cause less unfavor
able interactions between the bound peptide and the dense water layer 
above the graphene surface [28]. Similarly, the beneficial binding of 
positively charged amino acids, especially arginine, to hydrophobic 
surfaces has been reported several times, leading to the suggestion that 
they create more favorable interfaces between water and the material 
[81–83]. Arginine's amphiphilic character, arising from the guanidi
nium group, allows hydrophobic interaction with the graphene surface 
while still creating a favorable interface with water through its charge 
[84].

As general trends in preferred protein binding to the graphene sur
face, low free energy of adsorption due to positive charge/cation-π 
interaction, π-π stacking, and hydration energy, as well as the 
compactness of amino acids, were observed. Therefore, one variant, 
10H3 with an introduced arginine (H14R), and one variant, 10C5 with 
an introduced compact amino acid (E4G), were chosen for in-depth 
characterization.

3.4. Biophysical characterization of YmPh-MacHis binding on graphene

In detail, the biophysical characterization of purified protein frac
tions from the wild type and the variants E4G and 10H3 (Figs. S6 and S8) 
was performed to determine the dependency of binding on pH and salt 
concentrations and to assess the feasibility of the assay within these 
working ranges. When considering pH dependency, the wildtype ex
hibits a binding optimum between pH 7 and 8 (Fig. 5a). The exchange of 
glutamic acid for glycine in variant 10C5 led to an overall improvement 
in binding above pH 4, with an enhanced plateau in the alkaline region 
between pH 9 and 10. In the wild type, glutamic acid develops a 
repulsive net negative charge above its pKR of 4.25 [86], resulting in a 
decreasing hydration energy. This makes the transition from the 
aqueous solution to the hydrophobic graphene surface energetically 
unfavorable at pH values above 4. When considering the net charge of 
the wild type and the variant, it is notable that the variant has a 
generally higher net charge, especially at pH > 7, with over +1 
(Table S4), suggesting mostly electrostatic effects influencing the 
increased binding in the alkaline milieu of variant 10C5. In addition, as 
discussed in chapter 3.3, steric reasons and a smaller hydration shell can 
lead to decreased adsorption energy [28]. In the variant 10H3, the 

Fig. 4. Screening of improved variants YmPh-MacHis. (a) Multiple sequence alignment of the MacHis wild type sequence compared to the sequences of the 11 
best-performing YmPh-MacHis variants. Illustration done by Jalview. [76]. (b) Normalized 4-MU fluorescence values of the 11 selected YmPh-MacHis variants 
compared to the wild-type YmPh-MacHis from clarified lysate. The mean of three biological replicates of each variant was normalized against the mean of three 
biological replicates of the wild type. The experiment was replicated three times in total, and the mean and standard deviation were calculated from these 9 replicates 
in total.

Fig. 5. Binding dependency of YmPh-MacHis WT (●), 10C5 (▴), and 10H3 (■) on pH (a) and NaCl concentration (b). Bound, purified protein with an initial 
concentration of 200 nM was detected by the Fluoro4Graphene system with different pH (Citrate buffer 50 mM pH, 4, 5, 6; Tris HCl Buffer 50 mM pH 7, 8, 9; CAPS 
buffer 50 mM 10, 11) (a) or NaCl concentrations (0, 50, 100, 150, 200, 300, 500, 750, 1000 mM) (b) in the washing buffer. Residual protein concentrations in the 
well were determined using a standard reaction curve with a correlation between protein concentration and fluorescence signal. Mean and standard error of the mean 
were calculated from four (a) or three (b) biological replicates.
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exchange of histidine for arginine led to a narrower but improved per
formance optimum, occurring only at pH 8. In an acidic environment 
under pH 7 and in an alkaline environment over pH 8, both peptides 
behave the same. This suggests a smaller electrostatic effect, with π-π 
stacking instead stabilized, probably due to steric or hydrophobic in
teractions [28,78].

The assay performance over the whole pH range suggests that the 
acidic phytase is active independent of pH pretreatment [87] during the 
washing steps and yields reliable results for quantifying the retained 
protein on the surface under all conditions.

The dependency on salt and ionic strength showed decreased resid
ual protein with increased NaCl concentrations for the wildtype as well 
as both variants (Fig. 5b). For NaCl concentrations ranging from 0 to 
150 mM, both variants exhibited improved binding capacity compared 
to the wild type. At NaCl concentrations above physiological conditions, 
only variant 10C5 showed an improved signal, while the signal for 10H3 
was consistent with the wild type. Again, for variant 10C5, the removal 
of electrostatic repulsion and the decrease in local hydration energy led 
to a small overall improvement that is effective regardless of ionic 
shielding [28,88]. In the variant 10H3, the positively charged guanidi
nium group is outperforming the uncharged histidine chain at lower salt 
concentrations due to the above-discussed charge-driven and cation-π 
interactions, with low competition with the Na+ ions. At NaCl concen
trationsabove the physiological range, an ion atmosphere can screen the 
charges of the peptide, weakening long-range electrostatic attraction 
and thereby inhibiting both variants by forming an ion shield around the 
side chains, leading to decreased protein-surface interaction equally 
[89,90]. On the other hand, high ion concentrations are known to in
fluence the interfacial water structure at graphene surfaces and interfere 
with the formed water double layer over graphene [91–93]. These ob
servations on the wildtype and both variants suggest that higher salt 
concentrations over 150 mM have not only an influence on the variants 
but might have a general effect on protein binding to graphene due to 
ion shielding and interface stabilization of protein-water and 
graphene-water, leading to a general impairment of the assay, not being 
able to discriminate improved protein binding any longer.

Overall, the assay can be used in a working range at pH 4 to 11, with 
the phytase remaining active as a reporter, independent of pretreatment. 
Regarding ionic strength, low salt concentrations up to 150 mM are 
recommended to enable measurement of protein binding with minimal 
deviation from physiological conditions. The observed sequence trends 

for protein binding at pH 8 in the absence of salt can be extrapolated to a 
broader set of pH and salt concentrations for variant 10C5, but not for 
10H3. Therefore, not all variants identified by this assay can be classi
fied as general better graphene binders. The identification of improved 
binders always depends on the chosen screening conditions [94] and can 
be adapted in the washing step when screening for better graphene 
binders for specific applications.

In addition, the influence of the graphene surface, which utilizes a 
multilayered microtiter plate scaled graphene surface formed from 
electrochemical graphene flakes used in this assay, compared with high- 
quality monolayer graphene, cannot be excluded. The screening plat
form offers a fast easy-to-use approach for high-throughput screening 
that needs subsequent validation using established surface-sensitive 
methods. Therefore, changes of the relative surface retention detected 
by the Fluoro4Graphene platform were compared to SPR measurements 
of surface mass, using a transferred monolayer of CVD graphene on gold 
chips [85]. Among AFM, QCM-D, and SPR, SPR was chosen as a single, 
low-throughput but sensitive, straightforward, and direct quantitative 
method to validate the robustness of the Fluoro4Graphene platform.

The relative surface retention of both variants, E4G and 10H3, and 
the wild type was tested using the Fluoro4Graphene system at initial 
protein concentrations ranging from 100 to 600 nM after purification. 
The determined reaction curve for each variant was used to quantify the 
remaining protein on the surface (Figure S4, Fig. 6a). The reaction curve, 
measured with purified, free protein in a 1:30 dilution of protein con
centrations ranging from 0 to 1000 nM in solution, showed a linear 
range from 0 to approximately 15 nM, yielding a lower limit of quan
tification directly above 0 nM. With this, the Fluoro4Graphene system 
provides a sensitive analytical method for low concentrations of protein. 
The single mutation variants showed higher binding compared to the 
wild type with a significant increased amount of bound protein: 10C5 
was 1.35 times improved (4.50 nmol/well) at 200 nM of initial protein 
concentration, while 10H3 was 1.45 improved (4.83 nmol/well) at 
200 nM and 1.21 times improved (4.97 nM/well) at 300 nM of initial 
protein concentration (Fig. 6b). At initial concentrations higher than 
400 nM, the recorded 4-MU signal reached a plateau, around 4.5 nmol/ 
well for the wild type and 5 nmol/well for both variants. The Flur
o4Graphene screening system has a linear detection range for YmPh- 
MacHis fusion proteins in the initial protein concentration range of 
100 to 400 nM. The latter would be a good starting point to investigate 
other YmPh-MBP fusions.

Fig. 6. Characterization of improved variants YmPh-MacHis 10C5 (▴) and 10H3 (■) compared to the wild type (●). (a) Standard reaction curves for the 
quantification of YmPh-MacHis WT with the Fluoro4Graphene system. 5 μL of different concentrations (50, 100, 200, 300, 400, 500, 600, 750 and 1000 nM) of 
purified protein were diluted with 145 μL of 1 mM 4-MUP in 50 mM sodium acetate buffer in a black microtiter plate. The plate was incubated for 20 min, 25 ◦C, 200 
rpm shaking, then fluorescence was measured λEx/EM: 360-20/50-30. Mean and standard deviation were measured in technical triplicate. The regression curve was 
calculated with Microsoft Excel 2019 within the linear range (–). For every purification, a new standard was measured. The graphs and equations shown above are 
representative (b) Bound, purified protein detected by Fluoro4Graphene system with different initial protein concentrations. The background signal of the buffer in 
the plate was subtracted from the signal. Residual protein concentrations in the well were determined using a standard reaction curve with a correlation between 
protein concentration and fluorescence signal. Mean and standard error of the mean were calculated from five biological replicates. Curve fitting and statistical 
analysis were calculated with OriginPro 2024 using the one-phase exponential decay function and ordinary paired t-test: *p < 0.05, **p < 0.01 (c) SPR charac
terization of the variants and the wild type with 1 μM (− ) and 200 nM (---) protein concentration. All proteins were diluted in Tris-HCl buffer (50 mM, pH 8) and 
injected for 20 min with a flow rate of 10 μL/min. Post injection, all channels were washed for 20 min with Tris-HCl buffer (50 mM, pH 8) with a flow rate of 10 μL/ 
min. The conversion from the signal output Δdegree of the MP-SPR Navi 210A VASA to ng/cm2 was calculated according to Söder et al. [85].
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SPR with monolayered high-purity chemical vapor deposited (CVD) 
graphene was performed to validate the results of the Fluoro4Graphene 
system. The surface coverage of the wild type and both variants, E4G 
and 10H3, was determined with two initial protein concentrations: one 
within the linear range of the Fluoro4Graphene system (200 nM) and a 
second above this range (1 μM). The SPR measurements showed 
improved binding for both variants at both concentrations compared to 
the wild type, verifying the results gained with the Fluoro4Graphene 
system (Fig. 6c). At 1 μM of initial protein concentration, the surface 
coverage increased from 106.19 ng/cm2 to 144.17 ng/cm2 for the 
variant 10C5 and to 154.10 ng/cm2 for 10H3 (Table S5). These changes 
translate to relative improvements of 1.35 for 10C5 and 1.44 for 10H3, 
mirroring the values determined with the Fluoro4Graphene system. The 
shift from a large-scale multilayered graphene surface formed by elec
trochemically exfoliated graphene flakes in microtiter plate format to a 
monolayer of CVD graphene transferred to the SPR chip did not influ
ence the relative change in binding for the tested variants. Although the 
evaluation of only two variants on these two graphene materials is 
insufficient to generalize this observation to all proteins that can be 
identified by the Fluoro4Graphene platform, the results provide a 
promising indication of the platform's transferability between different 
graphene surfaces. These findings further support that the Fluo
ro4Graphene system provides quantitatively reliable results, making it 
suitable for identifying improved binders in large lab-scale directed 
evolution campaigns of MBPs for graphene binding. Improved MBPs, in 
the range of 1.3 to 1.5 times improvement, can enhance the performance 
of biointerfaces, for instance, in biosensing applications, by increasing 
signal intensity and sensitivity through higher surface coverage, as well 
as by improving system robustness via reduced desorption under vary
ing process conditions [95,96].

4. Conclusion

The fluorogenic high-throughput screening platform Fluo
ro4Graphene enables the quantitative evaluation of graphene-binding 
peptides and proteins for defined screening conditions. The method 
does not rely on vapor deposition or other complex instrumentation and 
can therefore be readily implemented in standard laboratory environ
ments. Importantly, samples can be analyzed directly from E. coli lysates 
without purification, substantially simplifying the workflow and 
increasing throughput.

The performance of Fluoro4Graphene was validated in a first 
directed evolution campaign of YmPh-MacHis comprising 840 variants. 
This screening identified the improved variant YmPh-MacHis H14R, 
whose enhanced graphene binding was independently confirmed by 
surface plasmon resonance. The graphene surface coverage increased 
from 106 ng /cm2 to 154 ng /cm2. In addition, the assay reliably 
resolved sequence-dependent binding trends, with improved variants 
showing an increased number of positively charged residues and a 
reduced number of negatively charged residues.

Overall, the platform combines high throughput, robustness, and 
compatibility with microtiter plate formats, making it well-suited for 
systematic screening and comparative analysis of graphene-binding 
biomolecules. Fluoro4Graphene thus represents a versatile analytical 
methodology for studying and engineering biofunctional graphene in
terfaces and may facilitate the development of reproducible, scalable, 
and cost-effective graphene functionalization strategies from aqueous 
solutions.

Novelty statement

This study presents Fluoro4Graphene, a fluorogenic high-throughput 
analytical assay for the quantitative assessment of protein-graphene 
interactions. By decoupling signal generation from the graphene sur
face through an enzyme-mediated solution-phase readout, the method 
overcomes fluorescence quenching and enables reproducible, 

quantitative measurements directly from crude cell lysates. The plat
form is analytically validated through independent SPR measurements 
and demonstrated in a directed evolution workflow, enabling the reso
lution of minimal sequence-dependent binding differences.
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