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SUMMARY

Electrical field-induced charge modulation in graphene-based devices at the nano-
scale with ultrahigh density carrier accumulation is important for various practical
applications. In bilayer graphene (BLG), inversion symmetry can simply be broken
by an external electric field. However, control over charge carrier density at the
nanometer scale is a challenging task. We demonstrate local gating of BLG in the
nanometer range by adsorption of AfFtnAA (which is a bioengineered ferritin, an
iron-storing globular proteinwithB= 12 nm). Low-temperature electrical transport
measurements with field-effect transistors with these AfFtnAA/BLG surfaces show
hysteresiswith twoDirac peaks.Onepeakat a gate voltageVBG=35V is associated
with pristine BLG, while the second peak at VBG = 5 V results from local doping by
ferritin. This charge trapping at the biomolecular length scale offers a straightfor-
ward and non-destructive method to alter the local electronic structure of BLG.

INTRODUCTION

Controlling the charge carrier density at small dimensions is a major challenge in nano-electronics in which 2D

materials can play a crucial role (Trauzettel et al., 2007; Fehske et al.,2015; Tran and Mulchandani, 2016). For

instance, locally gated graphene allows us to study interesting phenomena such as Klein tunneling (Katsnelson

et al.,2006; Young and Kim, 2009; Logemann et al., 2015; Oh et al., 2016; Solnyshkov et al., 2016), whispering gal-

lery modes (Zhao et al., 2015), and graphene super-lattices (Dubey et al., 2013; Gorbachev et al., 2014; Krishna

Kumar et al., 2017). These phenomena are directly related to quantum interference of relativistic charge carriers.

However, to experimentally observe quantum interference phenomena, themean free pathmust be longer than

the locally gated regions. Beyond local gating, there is interest in local confinement to enable tunable quantum

dots and ballistic 1D channels. In principle, it is possible to create a bandgap in graphene by lateral confinement

or breaking of sub-lattice symmetry using an external electric field, in particular, in Bernal-stacked bilayer gra-

phene, inversion symmetry can simply bebroken by an external electric field (Overweg et al., 2018). Even in clean

systems, this requires very small length scales (260–100 nm) for devices (Allen et al.,2012; Solnyshkov et al., 2016).

In practice, however, nanofabrication approaches are difficult to implement, and the observation of charge

confinement of Dirac electrons in nanostructured graphene has proven surprisingly challenging. Hence,

controlled electrostatic gating on the nanometer scale through molecule-graphene interaction offers an inter-

esting approach.

Local potential modulation can be introducedby variousmeans including electrostatic or chemical gatingwhich

is achieved through chemical doping with adsorption of charged molecules as a dopant (Dong et al., 2009;

Farmer et al., 2009; Kulkarni et al., 2016; Mulyana et al., 2016a), or high-resolution resist materials like hydrogen

silsesquioxane (HSQ) (Brenner and Murali, 2010) and SU8 (Yun et al., 2014), as a complementary dopant, or by

constructing double gates below and on top of the graphene layer through electrostatic modification of gate

insulator (Chiu et al., 2010) or by focused laser irradiation (Kim et al., 2013; Seo et al.,2014), or strain of graphene

to induce electrostatic gating, (Sun et al.,2016) and as there had been several examples in the STM community

(i.e.,Crommiegroup) (Velascoet al., 2018).Amajor challenge is to control chargecarrier density at the truenano-

meter scale (Kong et al., 2014; Solı́s-Fernández et al., 2016). Typical lithography techniques only allowpatterning

down toabout 10nm (Mojaradet al., 2015;Winter et al.,2019).On theother hand, the natural length scaleofmol-

ecules lies in the 1.0 nm range. Hence, gating through molecular entities could play a significant role in future

nano-electronics (Park et al., 2012; Samuels and Carey, 2013). However, control over adsorption, distribution,

and charge transfer of the molecules is a challenging task, even more so on graphene with its chemically inert

p-orbitals at the surface.
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In general, two common approaches have been used to locally tune the electrical properties of graphene. i)

Chemical functionalization of graphene by replacing carbon atoms within the graphene lattice by nitrogen

or boron, which causes a shift in the work function, but it also disorders the graphene lattice in an uncon-

trollable manner (Vicarelli et al., 2015). ii) Adsorption of molecules onto graphene via physisorption (non-

covalent interactions) using ionic (Kulkarni et al., 2016; Song et al., 2016; Sun et al.,2016) or aromatic

anchoring groups (Macleod and Rosei, 2014; Lin et al.,2015). In both methods, the distribution of the ad-

sorbates is often inhomogeneous, resulting in uncontrolled doping, carrier density variations, and

degraded carrier mobility. The (supra)molecular and electronic structure of molecular assemblies on solid

surfaces is determined by various factors, such as surface substrate interactions, molecule-molecule inter-

actions, or the properties of the solvent from which the molecule was deposited from (Yang and Wang,

2009; Macleod and Rosei, 2014). To locally gate graphene via molecular adsorbates, it is, in principle,

important to control the orientation and packing of the molecule and the associated charge transfer be-

tween the molecule and the graphene (Yang and Wang, 2009; Xiao et al., 2013). It has been proposed

to control the orientation of molecules on the surface by applying electric/magnetic fields or by nanome-

chanical symmetry breaking effects using the tip of an atomic force microscope (Yuan et al., 2008; Hong

et al., 2018), but forming and controlling well-defined molecular domains remains challenging.

In the past few years, electronic circuits have been demonstrated using graphene-based field effect tran-

sistors (FETs); however, depending on the graphene-dielectric interface and the testing conditions (air

ambient versus vacuum), the graphene-based FET often exhibits hysteresis, which is primarily caused by

charge trapping at the graphene-dielectric interfaces, charge creep, and by ambient molecules (i.e., water

and oxygen) in contact with the graphene surface (Joshi et al., 2010). The charge trapping can be reduced

or removed by measurements carried out under vacuum conditions or at low temperatures after a vacuum

annealing step (Lohmann et al.,2009; Wang et al., 2010). However, trapping at the interface is a challenging

problem because it compromises device reliability and operation issues that translate to changes in the

measured carrier concentrations and contact resistance.

Here, we demonstrate local gating of charge carriers in bilayer graphene (BLG) incorporated in FET

configuration induced by surface adsorption of biomolecules, archaeal ferritin AfFtn obtained from Ar-

chaeoglobus fulgidus (we used a modified AfFtn where two amino acids (K150 and R151) are substituted

with alanines resulting in closed-pore structure, AfFtnAA (Sana et al., 2013)). Ferritins are highly symmetrical

proteins of globular, cage-like structure with a 12 nm outer, and 8 nm inner, diameter. The biological func-

tion of ferritin is to store Fe ions in the hollow interior and release the Fe ions on demand. The iron ions are

stored in the form of ferrihydrite nanoparticles, and loading can be controlled from 500 Fe ions atoms/cage

to 4800 Fe ions/cage; these ferritin are remarkably stable up to 80 �C and a wide range of pH values (pH =

2.0–10.0). Watt et al. demonstrated nano-energy storage systems based on ferritins with iron oxide nano-

particles and reported that the coulomb capacity of this ferritin-based energy storage device was �1400

times higher than that of vesicle battery where each ferritin can accommodate a charge of 5 3 10�16 cou-

lombs (�3600 electrons) (Watt et al., 2012). We measured the resistance of BLG-based FET with a different

surface coverage of ferritin as a function of applied gate voltage. We found that physisorbed ferritin in-

duces significant local electron/hole doping of 79 G 23 electrons for ferritin with iron oxide nanoparticles

(NPs) and 65 G 7 holes for apoferritin, corresponding to charge carrier densities of 1014 cm�2 comparable

with ionic gating (Yuan et al., 2009). We attribute this effect to formation of dense monolayers of ferritin

molecule on the graphene surface (Qiu et al., 2013; San et al., 2014) combined with the high charge storage

capacity of ferritin. Because of the single-sided deposition of the molecules (ferritin adsorbed on top-sur-

face of BLG), the resulting electric field also opens up a bandgap in a non-destructive way.
RESULTS AND DISCUSSION

Figure 1 shows the schematic illustration of our FETs with BLG in SiO2/Si (which serves as the back gate elec-

trode) and connectedwith 2Au electrodes.Onto the BLG, ferritin was adsorbed. The detailedprocedure for

device fabrication and ferritin adsorption on graphene is given in STARMethods. Briefly, the BLG (obtained

by mechanical exfoliation with the standard scotch tape method) was deposited on highly doped Si-p+/

SiO2. The electrodes (Ti/Au of 5/60 nm) were patterned using e-beam lithography anddeposited by thermal

evaporation. After the fabrication of metal contacts, the device was vacuum annealed at 200�C for 2 h to re-

move the physisorbed organic contaminants from the BLG surface. The contact resistance between the BLG

and Ti/Au interface changed from 243 U/mm to 350 U/mm after adsorption of a dense monolayer of ferritin

(see STARMethods and Supplemental information); these contact resistances are consistent with previously
2 iScience 25, 104128, April 15, 2022



Figure 1. Device concept and biomolecule-induced local charging

(A) Schematic illustration of the BLG-FET device with AfFtnAA (Fe3600 loading/cage) on bilayer graphene BLG with

channel width = 4.5 mm and length = 3.1 mm.

(B) Schematic illustration of the electrostatic interaction between BLG and charged ferritin. The ferritin extracts charge

from a limited area leading to charge accumulation and opens up bandgap in BLG.

(C) Raman spectra of BLG before and after adsorption of dense monolayer of AfFtnAA and apo-AfFtnAA.
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reported contact resistances between BLG and Ti/Au contacts (Liu et al., 2013). We also immersed different

devices into aqueous solutions of ferritin (1 mg/L) with variable amounts of times (30–120min) to control the

surface coverage. The ferritins adsorb via physisorption likely mediated by graphene-NH2 interactions. We

have shownpreviously that alkyl-amines readily adsorb on graphene to yield stable SAMs (Song et al., 2016),

hence free NH2 present at the external surface of ferritin can readily interact with graphene resulting in sta-

ble assemblies. As a control, we also prepared a device with apoferritin (apo-AfFtnAA).

We measured the Raman spectra of the ferritin adsorbed on the BLG surface (Figure 1B). The significant

features in the Raman spectra of BLG are the sharp peaks at 1582 cm�1 which corresponds to the first-order

Raman scattering (called the G band), the second-order peaks involving two (acoustic or optic) phonons

(called G0 or 2D band) at 2687 cm�1 and the peak at 2449 cm�1 (called a G*band) is associated with one

optical and one acoustic phonon. A second-order peak about half of the frequency of the 2D band at

�1200 cm�1 is called disorder-induced D-band involving one phonon and one defect in the case of CVD

graphene which can sometimes be seen in experiments. The observed full width at half maximum

(FWHM) of the 2D peak (�51 cm�1) verifies that our devices consist of BLG. The observed G peak position

at 1582 cm�1 indicates that the pristine BLG is p-type doped before adsorption of ferritin due to its inter-

action with the SiO2 surface (Phillipson et al., 2016; Solı́s-Fernández et al., 2016). The ratio between inten-

sities of the 2D and G peaks (I2D/IG) for pristine BLG, densely packed AfFtnAA, and apo-AfFtnAA on BLG
iScience 25, 104128, April 15, 2022 3



Figure 2. Characterization of ferritin on graphene

(A–F) AFM images of (A) native BLG, and BLG after adsorption of AfFtnAA for 30min (apoF30 min) (B), or (C) 60 min adsorption (apoF60 min), (D) or adsorption of

apo-AfFtnAA for 30 min ( F30 min), (E) 60 min adsorption (F60 min), or (F) 120 min (F120 min).
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(sample F3 and AF3) is 0.78, 0.81, and 0.95, respectively. This increase in the I2D/IG ratio is indicative of the

adsorption of the biomolecules on BLG which, in turn, results in doping of the BLG (Phillipson et al., 2016;

Solı́s-Fernández et al., 2016). The blue shift in the position of the G peak of 15 cm�1 corresponds to a Fermi

level (EF) shift of the graphene of +0.35 eV (estimated as described in ref (Chen et al., 2011), G peak shift

DUG = |EF|3 42 cm�1 eV�1) upon adsorption of apo-AfFtnAA adsorbed compound which indicates that the

molecules interact strongly with the graphene surface. This strong interaction causes charge transfer be-

tween apo-AfFtnAA and BLG resulting in n-type doping of BLG. The observed blue shift of the G peak

for samples decorated with apo-AfFtnAA consistent with electron-phonon coupling (Das et al., 2009;

Manna and Pati, 2009; Crowther et al., 2012) of the adsorption of AfFtnAA (Fe3600 loading/cage) on

BLG leads to a red shift of 13 cm�1 corresponding to a EF shift of BLG of �0.30 eV which indicates that

AfFtnAA interacts strongly with resulting in p-type doping. It is worth noting that the D peak (peak around

�1200 cm�1 corresponding to defect in graphene) does not appear during the exposure of graphene to

ferritin even at a highly packed ferritin molecular layer. From these measurements, we conclude that ferritin

readily adsorps on the BLG surface preserving the sp2 hybridization bond character of graphene, leading to

the defect-free formation of a ferritin-graphene heterostructure.
Ferritin—BLG characterization

Figure 2 shows the atomic force microscopy (AFM) images of BLG before and after adsorption of 3000Fe/

cage-loaded AfFtnAA and apo-AfFtnAA at different time intervals of 30, 60, and 120 min; hereafter, we

define samples F30 min, F60 min, and F120 min as a 30, 60, and 120 min adsorption of ferritin, respectively, simi-

larly apo-AfFtnAA at different adsorption defined as apoF30 min and apoF60 min. Figure 2A shows the AFM

image of pristine BLG and Figure 2B shows that a deposition time of 30 min yields isolated AfFtnAA on the

surface. Figures 2B–2D shows that a deposition time of 30 min yields isolated apo-AfFtnAA and AfFtnAA on

the surface, respectively. Upon increasing the adsorption time to 60 min, the apo-AfFtnAA reaches full

monolayer coverage on the BLG surface (Figure 2C) whereas in the case of AfFtnAA, a full monolayer

was obtained after 120 min adsorption time (Figure 2F). This adsorption time difference is due to the dif-

ference in the size of the apo-AfFtnAA and AfFtnAA on the BLG surface. The height profile (Figure S4)
4 iScience 25, 104128, April 15, 2022



Figure 3. Electrical characteristics as function of ferritin adsorption

(A) Resistance vs gate voltage (R-VBG) curves for a graphene device as fabricated (black line), after adsorption of AfFtnAA

(Fe3600/cage) (F) with different adsorption times of 30 min (F30 min), 60 min (F60 min), 120 min (F120 min), and apo- AfFtnAA

(apoF) with different adsorption times of 30 min (apoF30 min) and 60 min (apoF60 min). Measurements were performed at a

constant voltage bias of 10 mV.

(B) VDirac-peak position and induced charge carrier density as function of adsorbed number of particles measured by AFM

image.
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shows that the measured height is 7.0G 0.5 nm, which is reasonably close to the outer diameter (12 nm) of

AfFtnAA in solution although flattening of AfFtnAA upon adsorption is expected. The height distributions

of 3.5G 0.5 nm for apo-AfFtnAA and 7.0G 0.5 nm of AfFtnAA (Figure S5) are in close agreement with those

obtained for apo-AAfFtnAA and AfFtnAA (Fe3600/cage) immobilized via a linker molecule on Au surfaces

reported previously (Kumar et al., 2016). For the sake of completion, we also demonstrate that we can

obtain dense monolayers by direct adsorption on graphene using a deposition time of 60 min (Figure 2E)

or 120 min (Figures 2C and 2F).
Electrical transport characteristics of ferritin-doped BLF-FETs

We determined the charge neutrality point or Dirac point (VDirac) of the BLG with and without AfFtnAA

(Fe3600/cage) adsorbed at different time intervals by measuring the location of the maximum resistance

as a function of back-gate voltage (VBG) at room temperature. Figures S2 and S3 show the I(V) and R-VBG

cures which were used to construct the R-VBG in Figure 3A. The I(V) shows the linear characteristics of

the BLG as a function of applied bias. Figure 3A shows the VDirac of BLG at VBG = 40 V and that the VDirac
iScience 25, 104128, April 15, 2022 5



Table 1. Electronic transport characteristics of BLG, BLG/ferritin BLG/apoferritin

Sample

VDirac-

peak (V)

Shift in

the VDirac -

peak (V)

Average induced

carrier density

(31012 cm�2)

aNumber of

ferritin molecules

(31012 cm�2)

Charge induced

per ferritin

molecule

carrier density/

molecule

(31012 cm�2)

BLG 42.0 0.0 0 0 0 0

BLG/F30min 57.0 15.0 1.1 0.009 122 113

BLG/F60min 72.4 30.4 2.1 0.030 70 65

BLG/F120min 86.3 44.3 3.1 0.048 65 60

BLG/apoF30min 27.0 �15.0 �1.1 0.014 �78 �72

BLG/apoF60min �0.9 �41.1 �2.9 0.046 �63 �58

aNumber of AfFtnAA on the graphene surface determined from the AFM images (Figure 2).
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shifts toward more positive values of VBG with increasing adsorption time. It reaches VBG = 80 V after

120 min adsorption indicating p-type doping in exfoliated BLG. Interestingly, in the case of apo-AfFtnAA,

VDirac shifts toward negative voltages with VBG = �0.9 V after 60 min adsorption, indicating n-doping. Fig-

ure 3B shows that the VDirac shifts linearly with increasing surface coverage of the ferritin and apoferritin

(Figure 3B). These observations suggest that we can control the average doping level by changing the

ferritin concentration on the BLG surface and control whether we have electron or hole doping. We would

like to point out that ferritin is globular and therefore the protein’s orientation does not affect the Dirac

peak position.

The changes in charge carrier density (Dn) BLG were estimated by using Equation 1,

Dn = CgðVBG �VDiracÞ=e (Equation 1)

where Cg is the gate capacitance �115 aF mm�2 for our Si/SiO2 substrate, VDirac is the charge neutrality

point of BLG, VBG is the back gate voltage, and e is the electron charge. We can also estimate the induced

charge per molecule by utilizing the density of adsorbed molecules as measured from AFM images. The

induced charge per molecule changes from 79 G 23 electrons for AfFtnAA and 65 G 7 (error represent

the standard deviation of the surface coverage) holes for apo-AfFtnAA (Table 1) based on the surface

coverage of the ferritin molecules where the error represents the standard deviation in the surface

coverage. The corresponding charge carrier densities per molecule reaches up to 1014 cm�2, similar to

what is achieved with ionic gating (Yuan et al., 2009). The local charge density for AfFtnAA might even

be higher because our estimates are derived from the average shift of the VDirac, which underestimates

the actual local charge density induced by individual AfFtnAAmolecule because of Coulomb repulsion be-

tween neighboring molecules. Based on the estimated number of AfFtnAA on the BLG (see Section S4 for

estimation of ferritin surface coverage) for longer adsorption times of 120 min, we expected the shift in the

VDirac peak position to be around 3.5 times higher than that of the BLG/F60 min. We interpret the 3.5 times

lower charge density per molecule at higher coverage as a result of Coulomb repulsion between neigh-

boring molecules. Indeed, the charging mechanism of the molecules in proximity to graphene is inter-

esting by itself. To investigate this in more detail, we conducted electrical transport experiments at low

temperatures.

Figure 4 shows the resistance of BLG as a function of back-gate voltage with pristine BLG and with BLG

covered with AfFtnAA (Fe3600/cage) adsorbed at different durations (BLG/F30min and BLG/F60min) at T =

1.4 K. As expected, the observed resistance peak remains unchanged for pristine bilayer: only the peak

resistance increased at low temperature without significant hysteretic behavior. In contrast, samples with

ferritin are strongly hysteretic at low temperatures. Interestingly, these devices show two Dirac peaks for

low ferritin coverages. This observation indicates that the observed new peak at 5 V is due to the partial

coverage of ferritin induced by local charge transfer on the BLG top-surface, and the peak at high voltage

is due to undoped BLG. It is important to note that the observed two Dirac peaks confirm that charge

conferment induced by ferritin on the BLG opens up a bandgap in a non-destructive way.

The appearance of hysteresis at low temperature is surprising since conventional hysteresis caused by

charge creep (which is effect of the surface charge density on the creep of electrode interface) or charge

trapping (which is originated from charge transfer from neighboring adsorbates (such as a water molecule)
6 iScience 25, 104128, April 15, 2022



Figure 4. Charge confinement and local gating

Resistance vs gate voltage (R-VBG) curves for a BLG device as fabricated (black line), and after 30 min (F30 min) and 60 min

(F60 min) adsorption of AfFtnAA (Fe3600/cage). Measurements were performed at a constant source-drain voltage bias of

10 mV at 1.4 K.
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or charge injection into the trap sites on the dielectric substrate) at the interfaces is usually frozen out at low

temperature or at measurements under vacuum conditions (Lohmann et al.,2009; Wang et al., 2010). Here,

it seems that charge creep (to and from molecules) is still active at low temperature, implying that charge

transfer between molecules and graphene during gate sweeps is too fast to be observed at room

temperature.

The presence of the two VDirac peaks is rare in graphene with self-organized biomolecules. Mulyana et al.

also reported two peaks for ferritin adsorbed on a graphene surface, but here the peak modulation was

obtained by e-beam irradiation of horse spleen ferritin (Mulyana et al., 2016b). The authors argued that

the observed two VDirac peaks attributed to a certain amount of ferritins which were not completely charged

by e-beam irradiation because the e-beam could not penetrate the hydrated iron oxide. We note that it is

doubtful that biomolecules can withstand e-beam radiation as radiolysis is well known to occur (Jonge

et al., 2009). The gate-voltage tunable VDirac peak shift and hysteresis have been reported before by

controlled adsorption of organic molecules at ambient conditions (Solı́s-Fernández et al., 2016); however,

the distribution of the adsorbed organic molecule is often inhomogeneous, resulting in uncontrolled

doping, carrier density variations, and degraded carrier mobility.
CONCLUSIONS

We investigated the electronic characteristics of BLG as a function of the adsorbed ferritin. A highly local-

ized charge state on the graphene surface was created by the highly charged ferritin. Moreover, the struc-

ture of BLG was not altered by the adsorption of ferritin due to the noncovalent nature of the interactions

between ferritin and BLG. Two-terminal differential resistance traces for BLG with and without ferritin

measured at 1.4 K as function of source-drain bias and back-gate voltage, confirm the local charge trap-

ping, and gating, induced by ferritin. This remarkable local charge trapping at �12 nm is promising for

future quantum confinement experiments because nanofabrication approaches are difficult to implement

and the observation of charge confinement of Dirac electrons in nanostructured graphene is below 100 nm.

Our results indicate that ferritin on BLG is an interesting system from both scientific and application point of

views, and we hope that our results will stimulate further investigations involving, e.g., spatially resolved

methods (STM of c-AFM) or in situ spectroscopy measurements.
Limitations of the study

We only used ferritins of one loading quantity (i.e., Fe3600), and it would be interesting to study ferritins at

higher and lower loadings. We also only focussed on iron oxide, but ferritins can be loaded with other ma-

terials which could lead to improved control of local gating.
iScience 25, 104128, April 15, 2022 7
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Software and algorithms
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Other

Amicon centrifugal filters (100 kDa MWCO) Millipore, Billerica, MA CAT#ACS510024
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Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, C.A. Nijhuis (c.a.nijhuis@utwente.nl).

Data and code availability

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

METHOD DETAILS

General information

We purchased silicon wafers (100, p-type, 0.001 ohm-cm) with 300 nm SiO2 deposited and one side pol-

ished from University Wafers (USA). We purchased gold (Au) and titanium (Ti) with a purity of 99.999%

from Superconductor Material, Inc (USA). The solvents were AR grade.

Ferritin production and purification

The ferritins used in this study were derived from a hyper-thermophilic archaeon Archaeoglobus fulgidus

(PDB ID 3KX9; AfFtn-AA), which has high thermal stability (up to 80 �C). Ferritins convert aqueous Fe2+ into

insoluble Fe3+ in the form of ferrihydrite nanoparticles. Here, the amount of iron ions inside the ferritin was

3600 Fe (which indicates the molecular ratio of the ferritin with respect to Fe). The ferritin iron composites

were prepared via previously reported procedures followed by expression and purification of AfFtn-AA

(Sana et al., 2010). Iron loading into ferritin was carried as follows (Liu et al.,2003). Dimeric apoferritin

was incubated with freshly prepared ferrous sulfate solution in 0.1% HCl for 1 h at room temperature fol-

lowed by overnight incubation at 4 �C. Iron loading (3600) was achieved by adding required moles of

iron sulfate solution to the dimeric ferritin solution (1 mM ferritin = 500 mg/mL ferritin). Amicon centrifugal

filters (100 kDaMWCO;Millipore, Billerica, MA) were used to remove the unbound iron by buffer exchange.

Protein quantification was performed using the BCA assay kit (Thermo Fisher Scientific Inc, Rockford, USA).
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Atomic force microscopy (AFM)

The AFM images of Si/SiO2//BLG with and without ferritin monolayers with different adsorption times were

obtained with a Bruker Dimension FastScan AFM in tapping mode with FASTSCAN-A tips. AFM software

NanoScope Analysis (version 1.4) was used to analyse the AFM images.
BLG-FET fabrication

The BLG film was exfoliated and deposited on a 300 nm SiO2/p + -Si substrate using the Scotch tape

method as described before (Novoselov, 2004). We fabricated the source/drain electrodes through stan-

dard methods using e-beam lithography and deposition of Au/Ti (60/5 nm) with a thermal evaporator, fol-

lowed by lift-off in acetone for 10 min. Before use, we vacuum annealed the devices at 200�C with a heating

rate of 1.8�C/s for 2 h at a base pressure of 5 3 10�6 mbar to clean the BLG surface. We characterized the

quality of the BLG before and after vacuum annealing using Raman spectroscopy (Figure S6).
Formation of ferritin monolayer on BLG-FET

The ferritin was self-assembled on the BLG surface at different time intervals 30, 60, and 120 min, from a

HEPES buffer (25 mM HEPES, 50 mM NaCl, pH 8) solution with a concentration of 1 mM. After adsorption,

the BLG-FET was rinsed with deionized water to remove non-specifically bound ferritin. The devices were

dried in a stream of N2 gas. A similar procedure was followed to prepare a monolayer of apoferritin on the

BLG surface.
Characterization of the monolayers of AfFtn-AA on BLG

Mostly, ferritin is adsorbed on gold electrodes via modification of ferritins with thiol containing amino acids

(cysteine) followed by deposition on Au or by first forming a linker monolayer on Au followed by deposition

of ferritin (Kim et al., 2007; Won et al., 2008; Frasconi et al.,2010). Here, we directly adsorbed AfFtn-AA on

graphene where AfFtn-AA readily binds to graphene likely via electrostatic interactions (as discussed in the

main text) in addition to non-specific interactions (including amines exposed at the periphery that may

interact strongly with graphene (Mulyana et al.,2016a, 2016b; Song et al., 2016; Papamatthaiou

et al.,2021). Figure S4 shows additional AFM images and the height profiles corresponding to the white

lines. The apparent width of AfFtn-AA of 40–60 nm is considerably larger than the true dimension, mainly

due to AFM tip broadening (Cavalleri et al., 2000). Most of the observed ferritins in the AFM images are

isolated. These results are very close those reported for AfFtn-AA adsorbed on Au surfaces from which

we conclude that the ferritins largely retain their globular shape although some flattening occurs depend-

ing on the loading (as mentioned in the text and discussed in detail in Song et al., 2016). Figure S5 shows

the height distribution of AfFtn-AA, dAfFtn-AA on BLG determined from such line scans. We determined the

surface coverage of the AfFtn-AA by counting all AfFtn-AA visible in the AFM images which have a

1 3 1 mm2 area.
Electrical measurements of BLG based FET device

The electronic properties of the before and after adsorption of ferritin on the BLG were characterized using

FETs. The applied gate voltage dependent resist of the BLG measurements were performed with a

cryogen-free cryostat (ICEoxford, Lemon System), equipped with 8 T superconducting electromagnet in

the range of temperature of 1.37–300 K. We recorded the VDirec curves using the home-written code in

LabView (Version, 2010) and a Keithley 6430 sub-femtoamp remote source meter.
Extraction of contact resistance

To extract the contact and channel resistance of the devices, we fabricated 2-terminals within a single gra-

phene flake with varying channel lengths ranging from 3 to 24 mm. The two-terminal resistance of each de-

vice was measured at zero back gate voltage at room temperature. The resistance R of each device is

plotted as function of channel length as shown in Figure S1. The data is fitted using the Equation (S1),

R = 2RCðWÞ+ rL=W (Equation S1)

where Rc is the contact resistance of each contact as a function of width, r is the resistivity of the channel, L

and W are the channel length and width, respectively. The contact resistance of BLG and BLG/F60 min are

243 and 350 U/mm. The observed contact resistance of the fabricated device is similar to that reported for

devices with Ti/Au contacts (Liu et al., 2013).
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