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Abstract

Photosensitive proteins are naturally evolved photosensors that often respond to light signals of
specific wavelengths. However, their poor stability under ambient conditions hinders their
applications in non-biological settings. In this proof-of-principle study, we grafted the blue light
using flavin (BLUF) protein reconstructed with flavin adenine dinucleotide (FAD) or roseoflavin
(RoF) onto pristine graphene, and achieved selective sensitivity at 450 nm or 500 nm, respectively.
We improved the thermal and operational stability substantially via structure-guided cross-linking,
achieving 6-month stability under ambient condition and normal operation at temperatures up to
200 °C. Furthermore, the device exhibited rare negative photoconductivity behavior. The origins of
this negative photoconductivity behavior were elucidated via a combination of experimental and
theoretical analysis. In the photoelectric conversion studies, holes from photoexcited flavin
migrated to graphene and recombined with electrons. The device allows facile modulation and
detection of charge transfer, and provides a versatile platform for future studies of photoinduced
charge transfer in biosensors as well as the development of stable wavelength-selective
biophotosensors.
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A graphene-based thermally stable and operationally stable biosensor for detecting specific
wavelengths is proposed.
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1. Introduction

Photosensitive proteins possess a wide variety of light-induced biochemical or biophysical
characteristics, such as strong and highly specific optical response [1-4]. We witnessed a
history of biomolecule-based photoelectronic device from the 1980s when bacteriorhodopsin
was used to produce photoswitchable capacitors and memories [5, 6] to recent booming field
of photodetectors containing complex photosynthesis systems [7, 8]. However, they are
susceptible to a variety of deactivation pathways in both aqueous and solid-state structures
[9] (Bacteriorhodopsin is a robust exception). Many techniques exist to address stability
issues in protein-based biosensors, including non-specific covalent cross-linking, physical
entrapment and hydrogel protection [10-15]. Nonetheless, approaches to realize improving
stabilities of solid-state biophotosensors are not widely available [16, 17].

Here, we hypothesize that wavelength-selective photoconductive devices may be constructed
with substantially improved stability by: 1) reconstituting photosensitive proteins with
wavelength-selective chromophores; 2) using structure-directed mutagenesis to facilitate
extensive cross-linking and formation of multilayered structure; 3) protecting the sensor
surface with a transparent polymeric film; and 4) adding a biocompatible mediator layer
between the sensing protein and the underlying nanomaterial. Highly cross-linked and
multilayer structures may retain sufficient transparency, while benefiting from high density
of sensitive units for enhanced stability and sensitivity. Complete isolation of the sensing
protein from the environment above the film may further improve its stability without
sacrificing its accessibility to light. The selection of photosensitive protein is based upon
three criteria: 1) the protein’s intrinsic biological function involves a physical response to
light of specific wavelength, with light-induced conformational change and/or light-induced
charge transfer; 2) the protein has a simple and well understood structure that is amenable to
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prokaryotic overexpression and site-directed mutagenesis; 3) the protein is stable in solution
and in dried form.

We tested our hypotheses on a photosensor platform with pristine graphene, and selected the
blue light using flavin (BLUF) protein from photosensor protein AppA [18-22] as the
photosensitive protein. Compared to other photosensitive proteins (cryptochrome,
bacteriophytochrome, etc.), BLUF is a small protein (14 kDa) with a simple “sandwich-like”
structure [18-22]. Excitation of BLUF by 450 nm light gives rise to proton-coupled electron
transfer (PCET) from the conserved Tyr21 to flavin, inducing local rearrangement of
hydrogen bonds and global conformational change in the protein [20]. The resulting
biosensor was highly sensitive to 450 nm light (FAD) or 500 nm light (roseoflavin, RoF [23,
24]). It also exhibited unusually high thermal stability (up to 200 °C) and showed
outstanding stability for 6-month at ambient conditions. Intriguingly, the light sensing in our
device is mediated by a rare negative photoconductivity (NPC) mechanism in which incident
photons diminish the current [25, 26]. With site-directed mutagenesis and computational
simulations, we delineate a novel NPC mechanism in which photoexcited BLUF proteins
inject holes into graphene that then recombine with free electrons. As a consequence of this,
the photoconductivity of the device decreases upon illumination. Surprisingly, the intrinsic
charge transfer pathway of BLUF did not contribute to the observed signal transduction
mechanism, but served as a diverging route that limits the signal strength. Our BLUF-
graphene hybrid sensor is not only a proof-of-concept system for our design principles, but
may also be used as a simple system to study light driven charge transfer through proteins.

2. Experimental

2.1 Materials and chemicals

The single layer graphene films were prepared by chemical vapor deposition (2D Carbon,
China) on copper films. The phosphate-buffered saline (PBS), N-(3-dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride crystalline (EDC), N-hydroxysuccinimide (NHS), 4-
morpholineethanesulfonic acid (MES) and roseoflavin (RoF) were purchased from Sigma-
Aldrich (USA). Ethanolamine, flavin adenine dinucleotide (FAD) and flavin mononucleotide
(FMN) were purchased from TCI Chemicals (Japan). Polydimethylsiloxane (PDMS) was
purchased from Dow (USA). All solutions used in this study were filtered by 0.22 pm filters
(Merck Millipore, Germany) prior to use.

2.2 Protein expression and purification

The wildtype and mutant BLUF genes were cloned into the expression vector pET28a via
restriction sites BamHI/Xhol. Mutants (listed in Table S1) were prepared by site-directed
mutagenesis. E. coli strain BL21-DE3 carrying either the wildtype or mutant BLUF genes
was cultured in LB media and the expression was induced by 0.7 mM IPTG for 18 h at 18
°C. Cells were harvested and lysed with sonication in binding buffer (50 mM Tris-HCI, pH
8.0, 200 mM NacCl). After centrifugation, the his-tagged BLUF protein was first purified by
Ni-NTA affinity chromatography. The protein was then subjected to complete denaturing in
6 M guanidine hydrochloride, which was then refolded via dialysis against a step gradient of
3 M and 1.5 M guanidine hydrochloride at 4 °C for 12 h, in the presence of either FAD,
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FMN or roseoflavin. Finally, the protein solution was dialyzed into PBS. The reconstructed
monomeric BLUF protein was further purified by anion exchange with QFF column (GE
LifeSciences, USA) and size exclusion chromatography with HiLoad 16/60 Superdex 75
column (GE LifeSciences, USA). The purified protein was stored at —80 °C for further use.

2.3 Fabrication of the graphene photodetector substrate and surface modification

The fabrication process is shown in Figure 1. Firstly, a 300 nm thick SiO, layer was grown
on Si substrate through dry oxygen oxidation. Interdigital electrodes (Ti/Au, 20 nm/200 nm)
were then deposited onto the SiO,/Si substrate by lift off process. The graphene film was
transferred onto the interdigital electrodes through a PMMA (poly(methyl methacrylate))-
based method. The surface of graphene was then cleaned by thermal annealing in Ar/H,
atmosphere at 300 °C for one hour. The graphene photodetector substrate was incubated in
BLUF-NF (BLUF devoid of the flavinyl cofactor) solution (20 uM) for 3 min at 80 °C to
introduce carboxylic acid groups onto the surface (Figure 1a), followed by a deionized water
rinse. The carboxylic acid groups were then activated with a solution of 0.4 M EDC and 0.1
M NHS in 0.1 M MES buffer pH 5.2 for 1 h at room temperature. After that, the device was
rinsed in 0.1 M MES (pH 5.2). In order to covalently immobilize BLUF on the graphene
surface, the device was exposed to a 1:1 mixture of 20 uM BLUF in PBS solution, and 0.4
M EDC with 0.1 M NHS in 0.1 M MES buffer (pH 5.2) overnight at 4 °C. After
immobilization, the surface was rinsed with 1xPBS solution (pH 7.4). To further quench the
reaction and block excess reactive groups, the surface was immersed in the PBS solution of
ethanolamine (1 mM, pH 7.4) for 20 min. Finally, the BLUF modified device was rinsed
with deionized water, dried and stored under N, for further use (Figure 1b). To protect the
sensing protein layer, PDMS was spin-coated onto the surface and completely cured at room
temperature for 24 h.

2.4 Sensing apparatus and parameters

All electrical measurements were conducted using a Keithley 4200 semiconductor parameter
analyzer (Keithley Instruments Inc., Cleveland, OH). The light sensing measurements were
conducted using a UV-Vis LED light source (BJ Jing Zhen Da Tec., China) with wavelength
of 450 nm, 500 nm, 600 nm, 640 nm, 675 nm, 742 nm and 800 nm respectively. Atomic
force microscopy (Dimension Icon, Bruker, USA) was used to determine the thickness and
surface topology of the graphene films before and after functionalization. Raman spectra
(DXR, Thermo Fisher, USA) were obtained to explore the interactions between graphene
and protein. X-ray photoelectron spectroscopy (Escalab250Xi, Thermo Fisher, USA) was
used to verify the elemental composition of the modified graphene surface.

3. Results and discussion

3.1 Sensor characterization

Thermal annealing was performed using hydrogen gas and argon gas to remove residual
reagents and reduce the graphene film. The vminimum thickness of the graphene film
transferred on the electrode (0.4 nm) was measured using AFM (Figure 2a), which is
consistent with the typical thickness of the observed single layer graphene sheet (0.335 nm)
[27]. The large surface roughness was due to the nucleation on the polycrystalline graphene,
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resulting in an average thickness (1 nm) higher than the theoretical value of the single layer
graphene. Raman spectroscopy is an effective non-destructive method for determining the
number of layers and the structural integrity of graphene sheets. The low D/G ratio of
pristine graphene (Figure 2d) showed that the graphene film had few defects and clean
surface.

In order to mitigate the nanotoxicity [28] arising from direct contact between BLUF and the
hydrophobic graphene surface, we introduced a heat-denatured film of BLUF-NF between
graphene and the light sensing BLUF layer, similar to the approach developed by Zhou et al.
[29] In the XPS spectra, the single C1s peak of pristine graphene (Figure 2e) morphed into a
compound peak of multiple origins (Figure 2f), indicative of successful BLUF-NF protein
modification. The binding energy of 284.8 eV is attributed to sp2-hybridized C in C-C
bonds. The binding energy of 286.1 eV corresponded to the carbon atoms in C-S bonds,
which is an effective feature of the modification of BLUF-NF. And the binding energy at
approximately 288.1 eV arose from the carbonyl carbon atoms on the denatured BLUF-NF
film, indicating —~COOH bonds and —CO-NH bonds. The contact angle decreased from 93.1°
to 54.6° after the BLUF-NF functionalization (Figure S1). It suggested that the exposed
hydrophobic residues of the thermal denatured BLUF-NF contacted the hydrophobic
graphene surface, while the highly hydrophilic areas faced upward. The increased
hydrophilicity prevented further stacking of denatured BLUF-NF, leaving a monolayer of
3.5 nm thickness (Figure 2b) and a biocompatible surface. Over 10% of BLUF’s amino acid
residues are either Asp or Glu, which orient away from the graphene surface. Thus, the
BLUF-NF film not only served as an intermediate layer to improve the BLUF stability, but
also functionalized the graphene with a large number of carboxylate groups.

To graft the native BLUF onto the BLUF-NF monolayer, we chose a multilayer
immobilization scheme instead of a self-assembled monolayer (SAM) strategy. Since light
sensing does not require direct contact between the sensing layer and the “analyte” (i.e., the
incident light), maximizing the density of light-sensitive units on the graphene surface is the
primary goal. Before drop-casting, we premixed NHS and EDC+HCI with BLUF to promote
extensive cross-linking, while allowing the BLUF amine groups to react with surface bound
NHS-esters. Although wildtype BLUF contains 14 carboxylic groups, there is only one lysyl
amine. We therefore mutated four of the 19 Arg residues into Lys, guided by the crystal
structure (PDB ID: 21Y1 [30], R47K, R81K, R98K and R116K), which we refer to as
BLUF-Ks. Positioning five Lys residues on the surface of BLUF-K5 allowed NHS-EDC
coupling to occur in multiple directions. Overnight incubation of BLUF-Kg with the BLUF-
NF-NHS-ester surface created a 12 nm film (Figure 2c) of cross-linked BLUF-K5 roughly
producing a double-layer.

3.2 Sensing performance

Figure 3a shows the results induced by exposure to 450 nm light for 100 s for differentially
functionalized devices (the light power used in this study was 35 mWecm=2 unless otherwise
noted). For the pristine graphene device, the 450 nm light induced little change of the device
current, most likely due to graphene’s low absorptivity of light. The current of the device
modified with cross-linked BLUF-K5 decreased by 14% upon illumination of 450 nm light,
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three times more strongly than that of the device modified with BLUF-Kg SAM.
Unsurprisingly, the device with native BLUF-NF showed little response to 450 nm light, due
to the absence of the flavin cofactor. When the free FAD was drop-cast at equimolar
concentration to BLUF-Kg, which presumably left equal (if not more) blue-light-sensitive
moieties on the surface, the photoresponse was negligible (Figure S2). The structure of FAD
embedded in the BLUF protein is essential for the device’ photoresponse. We then exposed
the BLUF-K;5 device to 450 nm light of six different intensities, 0.33 mWscm™2, 5 mWscm
=210 mWecm™2, 21.7 mWecm™2, 35 mWecm~2 and 48.6 mWscm™2 respectively. There is a
linear relationship between the light intensity and photocurrent amperage, with an average
photoresponse of —19.64 mAsW~1 (Figure 3b). Further, the device can detect light as weak
as 0.33 mWecm™2,

We next investigated the device’s wavelength selectivity. In contrast to the rather broad
absorption spectrum of free FAD between 450 nm and 500 nm (Figure S3), BLUF-Kg had a
strong absorption of 450 nm light in solution (Figure 4a). The absorption maximum of
RoBLUF obtained by reconstituting BLUF through roseoflavin (Figure S4) was shifted to
500nm. Graphene photosensors were illuminated with equienergetic lights of seven
wavelengths, ranging from 450 nm to 800 nm. The device with only pristine graphene did
not exhibit response to any wavelength within this range. Consistent with BLUF-Kg’s
solution phase absorption spectrum, the highest wavelength sensitivity BLUF-Kg device is
located at 450 nm. For the RoBLUF device, we observed a weaker (compared to the BLUF-
Ks device) but highly specific response to the 500 nm light. Even the 450 nm light, in which
the photon carries more energy than that of the 500 nm light, did not illicit any response in
the RoBLUF device, demonstrating that the solution phase biospecificity is well retained in
the solid phase.

The multilayer and cross-linked structure of the device also conferred the BLUF-K5 device
with significantly enhanced stability. We fabricated the device using a micro-heat chip [31]
to investigate the device’s performance at elevated temperatures. The device retained
sensitivity and wavelength selectivity at temperatures as high as 200 °C (Figure 5a), while
the protein lost structural integrity above 55 °C in aqueous solution (Figure S5). As shown in
Figure 5b, the graphene photosensors functionalized with free FAD or with cross-linked
BLUF-NF still maintained a low photoresponse at high temperatures. We attributed this
unusually high thermal stability to the extensive network of intermolecular amide bonds
which tightly locked the BLUF monomers in their native conformation. This resistance to
heating may be of use in the future for parallel biomolecular functionalization on a wafer,
which would substantially improve the reproducibility of biosensor chips. To address the
issue of rapid device degradation with time, we further protected the light sensitive biolayer
using a transparent PDMS film. The polymerization reaction did not impair light sensing
activity of BLUF. When stored at ambient conditions, the protected device exhibited
consistent performance (signal intensity and wavelength selectivity) for six months (Figure
5¢).
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3.3 Sensing mechanism

To investigate the mechanism of operation for the device, we first determined the mode of
signal transduction in BLUF. There are two probable mechanisms for photoexcited BLUF to
cause a decrease in electric current: electrostatic gating or charge transfer. Electrostatic
gating may arise from protein conformational changes between the dark and light states of
BLUF, induced by rearrangement of hydrogen bonding network around flavin [20, 22, 32—
34]. The electrostatic perturbation from a protein conformational change may gate the
conductivity of graphene. Charge transfer between the photoexcited FAD and graphene may
also affect the device current. To examine these competing mechanisms, we functionalized
the graphene with the BLUF-K5-W104A mutant, which was previously shown to recover
more rapidly than BLUF-Ks following photoexcitation in solution [34]. Electrostatic gating
effects should manifest as faster recovery in the BLUF-Kg-W104A device than in the
BLUF-Kj5 device. The recovery rates of the two devices were identical (Figure S6),
suggesting that the charge transfer mechanism may account for the light-induced response.

To identify the photogenerated charge carriers, we constructed a liquid-gated GFET device
functionalized with BLUF-Kg (Figure 6a). The Dirac point of pristine graphene was shifted
from 0 V to —0.3 V after BLUF functionalization (Figure 6b), consistent with n-doping.
GFET is a bipolar field field effect transistor. The graphene as a channel exhibits a p or n
type property as the gate voltage changes. We measured the output characteristics of the
GFET device under illumination at different gate voltages. When the majority carriers were
holes (gate-source bias, Vgs was -0.8 V), the drain-source current (lgys) increased with 450
nm illumination, indicative of holes migrating from FAD to graphene (Figure 6¢). When the
majority carriers were electrons (Vgs = =0.1 V), light illumination led to a decrease of lgs,
again suggesting injection of holes into graphene. Illumination with 640 nm light of equal
power failed to elicit any change in the source-drain current. Previous biophysical studies of
BLUF indicated that the intrinsic PCET process involved holes migrating from flavin to
proximal amino acid residues [18, 19, 35-37]. Thus, the observed negative
photoconductivity likely arose from photoexcited BLUF injecting holes into the n-doped
graphene, decreasing the majority charge carrier density.

We studied sensor performance with a series of BLUF mutants to elucidate the hole-transfer
pathways. Surface lysine residues were the most likely hole mediators from FAD to
graphene through the protein. We mutated each of the five surface Lys residues to Arg in
order to break one of the five potential covalent BLUF-BLUF and BLUF-graphene
connections. Figure 6d shows that the removal of Lys98 and 116 did not affect the
magnitude of the current drop upon illumination, while mutations of Lys32, 47 and 81
decreased the signal. Electron tunneling pathway [38—-40] analysis from FAD to the five
BLUF-Kj5 Lys residues showed that the photogenerated holes at FAD couple strongly to the
three proximal lysine residues (Lys32, 47 and 81), mediated by one to three intervening
residues, while couplings to Lys98 and to Lys116 were weaker (by two orders of magnitude)
as compared to other Lys due to the longer tunneling distances (Table S2). The weaker
couplings to Lys98 and 116 explain the invariant light-induced current drops upon removing
these residues. The details of the tunneling pathway analysis are reported in the supporting
information.
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In the intrinsic charge transfer pathway of BLUF, Tyr21 is the key proton and electron donor
of the PCET reaction. We prepared the BLUF-K5-Y 21l mutant protein for device fabrication
with the anticipation of a complete loss of sensitivity to 450 nm light. To our surprise, the
device exhibited a stronger response to 450 nm light than did the BLUF-Kg device (Figure
6d). The productive pathways from FAD to Lys32, 47 or 81 did not involve Tyr21 (Table
S3). Rather, Tyr21 is positioned so that the intrinsic charge transfer from FAD to Tyr21 and
Trp104 may divert the flux of holes and contribute negatively to the signal transduction.
Thus, the Y211 mutation most likely shuts off one of the major diverging pathways,
redirecting more holes to the underlying graphene.

4. Conclusions

In summary, we developed a highly stable biophotosensor by multi-step functionalization of
graphene with heat denatured BLUF-NF and cross-linked BLUF-Ks, achieving a strong and
selective response to 450/500 nm light. Heat-denatured BLUF-NF as an interfacial mediator
improved the biocompatibility of graphene and facilitated protein immobilization. The
device operated normally at 200 °C and lasted for six months when protected by PDMS.
Site-directed mutagenesis and electron tunneling pathway analysis identified a probable set
of coupling pathways for holes hopping from the photoexcited flavin to the graphene, giving
rise to the observed NPC. This mechanism may arise in other light-sensitive proteins that are
potential candidates for development as wavelength-selective biosensors. This device
platform is also a highly tunable, robust and low-cost system for the study of photo-induced
protein-mediated charge transfer.
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Highlights
. By incorporating photosensitive proteins reconstituted with different
chromophores, we fabricated biophotosensors with distinct wavelength
selectivities.
. The stability of this biophotosensor was significantly improved through a

series of novel functional methods.

. Oriented movement of photogenerated holes from FAD to graphene caused
the device to exhibit negative photoconductivity.
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Figure 1.
Schematic depicting various steps involved in the fabrication of BLUF based graphene

photosensor. (a) Thermally denatured BLUF-NF thin film adsorbed onto and functionalized
the graphene sheet with carboxylic groups. (b) A double-layer of cross-linked penta-lysine-
mutant of BLUF (BLUF-K3) attached to the BLUF-NF thin film.
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Figure 2.

The characterization results in the modification processes. (a) The AFM image of pristine
graphene. Inset shows the thickness of pristine graphene is approximately 1 nm when
measured along the horizontal white line in AFM image. (b) The AFM image of the thermal
denatured BLUF-NF films on graphene surface. Inset shows the thickness of BLUF-NF
layer is approximately 3.5 nm when measured along the horizontal white line in AFM
image. (c) The AFM image of the the cross-linked BLUF-Ks films on graphene surface.
Inset shows the thickness of BLUF-Kg layer is approximately 12 nm when measured along
the horizontal white line in AFM image. (d) The Raman spectrum of pristine graphene. (¢)
The XPS C1s peak of pristine graphene. (f) The XPS C1s peak of the denatured BLUF-NF
films on graphene surface.
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Figure 3.

(a) Photocurrent responses of detectors hybrid with different sensitive materials: pristine
graphene (black), cross-linked BLUF-NF (red), cross-linked BLUF-Ks (blue), SAM BLUF-
Ks (pink). Responses are shown to 450 nm light. (b) Power-dependent photocurrent change
of the graphene photosensor functionalized with cross-linked BLUF-Ks under 450 nm
illumination.
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(a) The optical absorption spectra of BLUF-K5 (black) and RoBLUF (red). (b) Wavelength
dependence of the photocurrent responses of detectors before and after functionalization,
pristine graphene (blue), cross-linked BLUF-Kg5 (black) and of cross-linked RoBLUF (red).
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(a) Comparison of the photocurrent responses of detector functionalized with cross-linked
BLUF-Kj at different temperature. (b) Comparison histogram of 450 nm photocurrent
response of the graphene photosensors functionalized with free FAD (blue) or with cross-
linked BLUF-NF (magenta) at different temperatures. (c) The performance to 450 nm
illumination of PDMS covered device in air and bare device in nitrogen. S = Al/l,,.
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Figure 6.
(@) The schematic illustration of liquid gated graphene FET (GFET) for blue light detection.

(b) Transfer curves of GFET before (red) and after modification (black). Bias voltage is 0.01
V. (c) Photocurrent responses of the modified GFET at different gate voltages. lllumination
began at t=30 s and end at t=80 s. (d) Photocurrent responses of graphene detectors
functionalized with various BLUF mutants.
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