
Fluctuation and Noise Letters  
© World Scientific Publishing Company 

1 

Towards Sensing Protein Interactions and Dynamics via 1/f Noise in 

Graphene Field-Effect Transistors 

M. Fomin*, F. Steinbach*¶, D. Pustovyi†, N. Füllbrunn‡, K. Tanzusch‡, C. You‡, C. Ungermann‡, S. Vitusevich†, 

M. Petrychuk†, C..Meyer*¶  

* Institute of Physics, University of Osnabrück, 

D-49069, Osnabrück, Germany 
†Institute of Biological Information Processing (IBI-3), Forschungszentrum Jülich,  

D-52428, Jülich, Germany 
‡Department of Biology/Chemistry and Center for Cellular Nanoanalytics, University of Osnabrück,  

D-49069, Osnabrück, Germany 
¶fsteinbach@uni-osnabrueck.de 

¶carola.meyer@uni-osnabrueck.de 

Received Day Month Year 

Revised Day Month Year 

Accepted Day Month Year 

Published Day Month Year 

Communicated by carola.meyer@uni-osnabrueck.de 

Graphene field-effect transistors (GFETs) functionalized with lipid monolayers provide a sensitive 

platform for probing membrane protein dynamics. Here, we analyze the effect of peripheral 

membrane proteins on this assay. We focused on the prenylated Rab7 GTPase Ypt7 and its 

interacting HOPS tethering complex using liquid-gated GFETs combined with low-frequency noise 

spectroscopy. Current-voltage (I–V) transfer measurements reveal no or only very small 

electrostatic changes upon binding of Ypt7 and after addition of HOPS. In contrast, noise analysis 

reveals pronounced flicker (1/f) noise level growth after Ypt7 binding, most likely due to 

conformational dynamics of Ypt7. Recruitment of the HOPS complex by Ypt7 to membranes 

inhibits these fluctuations, suggesting structural stabilization of Ypt7 via HOPS binding. Our 

findings demonstrate that noise spectroscopy allows to enhance the sensitivity of GFET-based 

biosensing, offering insights into protein-membrane and protein-protein interactions beyond 

traditional electronic readouts. 

Keywords: Graphene field-effect transistor; 1/f noise; membrane proteins; Rab GTPases; HOPS 

complex. 

1.   Introduction 

Graphene-based field-effect transistors (GFETs) have emerged as a powerful platform for 

biosensing due to their exceptional electronic properties, including high carrier mobility, 

chemical stability, and two-dimensional nature, which together enable extreme sensitivity 

to interfacial perturbations [1,2]. When operated in a liquid-gated configuration, GFETs 
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can transduce biochemical interactions occurring at the surface into measurable electrical 

signals, offering a label-free, real-time readout [3–5].  

 

More than one third of the proteome in animal cells localizes to cellular membranes. 

Notably, most therapeutic drugs target these membrane proteins [6]. Exploring functions 

and interactions of membrane proteins requires a native membrane environment as well as 

high spatiotemporal resolution. Compared to traditional biological methods, fluorescence 

spectroscopy and microscopy methods provide high sensitivity down to single molecule 

level. However, these approaches need dedicated quality control on fluorescent labeling of 

the target proteins [7]. Electrical biosensing is an emerging powerful tool for the 

investigation of membrane-associated biological processes [8,9]. Recent advances 

highlight the integration of supported lipid bilayers and monolayers with carbon-based 

materials, offering a promising strategy to mimic native membrane environments for 

sensitive, label-free detection while maintaining protein functionality [3,10–12].  

 

We focus on understanding the dynamic behavior of Rab GTPases and their effector 

proteins, such as the yeast Rab7-like Ypt7 and the homotypic fusion and vacuole protein 

sorting (HOPS) tethering complex, in the context of lipid-functionalized GFETs. Rab 

proteins, including Ypt7, are essential regulators of membrane trafficking processes [13–

15].  Immobilizing Ypt7 on supported lipid monolayers allows us now to probe not only 

its electrostatic signature but also its conformational dynamics through noise spectroscopy, 

a technique sensitive to molecular fluctuations at bioelectronic interfaces [16,17]. 

 

Moreover, the binding of multi-protein assemblies such as the HOPS tethering complex to 

membrane-bound Ypt7 provides a unique opportunity to monitor protein-protein 

interactions (PPI) in a near-native state. Previous studies have resolved the architecture and 

functional dynamics of HOPS using optical and biochemical methods [12,18], but 

integration of electronic readout schemes like GFETs introduces a new level of temporal 

resolution and label-free detection capability. 

 

In this work, we present a detailed fabrication and functionalization protocol for GFETs 

decorated with a lipid monolayer, followed by subsequential immobilization of Ypt7 and 

the HOPS complex. We employ I-V transfer characteristics and low-frequency noise 

analysis to distinguish each functionalization step and extract insights into molecular 

interactions occurring at the graphene–lipid–protein interface. Our approach builds on 

liquid-gated graphene transistors to probe biomolecular dynamics [19], providing a 

powerful tool to understand the vesicle tethering and fusion machinery dynamics in the 

context of biological membranes. 

 

 

 



Dynamics of Membrane Proteins Analyzed Using 1/f Noise in Graphene Field-Effect Transistors  3 

 

 

2.   Materials and Methods 

2.1 Liquid-Gated Graphene Field-Effect Transistors 

The fabrication process of graphene-based field-effect transistors (GFETs) followed a 

well-established procedure described in detail in our previous work [20].  

The schematic structure of the device is shown in Fig. 1a, illustrating the graphene channel 

on a SiO₂/p-Si substrate with Ti/Au contacts, passivated to form gate window for liquid 

measurements. Transistors were fabricated on p-doped silicon wafers with a 200 nm silicon 

dioxide layer. Graphene (Easy Transfer, G/P-25–25, Graphenea, Spain) was transferred to 

the substrates using a wet transfer technique. After removing a sacrificial layer, the 

graphene was patterned using oxygen plasma reactive ion etching (100W, 3 min). Metal 

feedlines and contacts were passivated in a subsequent step, while openings for liquid 

gating over the graphene channels were created. Figure 1b shows how the fabricated 

devices in an image taken with an optical microscope.  

 

 

 

 

The distance between the contacts was designed to be d = 20 µm, with channel widths 

ranging from 10 µm to 1 µm. The device used in this study had a channel width of 2 µm. 

After fabrication, the chips were wire-bonded onto leadless chip carriers and encapsulated 

with PDMS to form a reservoir for long-term measurements. 

2.2 Functionalization of GFETs and immobilization of proteins  

2.2.1 Formation of Lipid Monolayer on GFETs 

Fig. 1. (a) Schematic illustration of the fabricated GFETs structure. (b) Optical images of fabricated device 

structures showing the tentative locations of graphene channels (indicated by white dashed boxes) with designed 

widths of  4µm and 8µm, from left to right, respectively. 
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To functionalize the graphene field-effect transistor (GFET) channel, we employed the 

established protocols to form a supported lipid monolayer [10]. Small unilamellar vesicles 

(SUVs) were prepared from 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Avanti 

Polar Lipids, USA) using probe sonication in a buffer solution (50 mM HEPES, pH 7.5, 

150 mM NaCl), as previously described [12]. The obtained SUV solution with a DOPC 

lipid concentration of 250 µM was added to the GFET channel and incubated for 30 

minutes, followed by extensive buffer washes to remove unbound vesicles. During this 

process, the strong hydrophobicity of graphene induced liposome disruption and self- 

assembly of a lipid monolayer with a thickness of ~2.5 nm on the graphene surface [10], 

as sketched in  Fig. 2a. 

 

2.2.2 Immobilization of Ypt7 and the HOPS complex 

Following lipid monolayer formation, we immobilized the Rab GTPase Ypt7 on the GFET 

surface. The Ypt7-GDI complex was prepared according to Füllbrunn et al, 2021 [12] and 

chemically activated via EDTA/GTP treatment in the presence of the lipid monolayer. Last, 

the anchoring to the lipid monolayer was stabilized by the addition of MgCl2 (Fig. 2b). In 

detail, 150 nM Ypt7-GDI complex (24.2 µL) was mixed with 1 mM GTP (5 µL) and 

20 mM EDTA (20 µL) and filled up with HEPES buffer (HBS) to a total volume of 500 µL. 

This mixture was applied to the GFET surface, followed by incubation for 30 minutes. 

Afterwards, 25 mM MgCl₂ (12.5 µL) was added, followed by an additional 10-minute 

incubation and extensive buffer washing (15 times) to dilute the remaining soluble 

components (to ~ 0.003%). 

Upon immobilization of Ypt7, 50 nM HOPS tethering complex (27.8 µL filled up with 

HBS to 500 µL) purified according to Shvarev, Schoppe, König et al., 2022 [18] was added 

to the functionalized surface for 10 minutes, followed by a five-fold buffer wash to remove 

unbound proteins (Fig. 2c). 

 

2.2.3 Noise Measurements 

Fig. 2. Schematic illustration of the graphene channel surface at each step: (a) formation of a DOPC lipid 

monolayer, (b) activation and immobilization of Ypt7, and (c) binding of the HOPS complex (here: schematic 

representation of the Ypt7-binding subunit Vps39 of the complex). The hypervariable domain of Ypt7 shown in 

orange follows the prenyl anchor in red. GTP is located at the nucleotide-binding pocket. 
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The noise spectroscopy setup used for the study is built around the Agilent U2542A data 

acquisition unit and designed for high-precision voltage noise measurements in 

nanostructures.  

During measurement, signals from the device under experiment are amplified using a 

custom ultra-low-noise amplifier, followed by a cascade of commercial amplifiers (e.g., 

ITHACO 1201 and PGA-103) with programmable gain up to ×100,000. The amplified 

signal is filtered with a digitally controlled anti-aliasing filter (LTC1564) with a selectable 

cutoff frequency from 10 kHz to 150 kHz. Noise was recorded in AC mode, digitized with 

500 kHz sampling rate in the frequency range from 10 Hz to 100 kHz. 

The acquisition time for the noise measurements was set to 300 seconds, exceeding the 

100-second threshold below which the influence on the characteristics of 1/f noise is 

considered negligible. 

The measurement error can be determined as: 

 

𝜀 = 100%
𝛥𝑡

𝑇
(1)

 

 

where T is the acquisition time and 𝛥𝑡 = 1𝑠 represents the sampling interval. 

This gives us a measurement error of 6%, which remains well below the commonly 

accepted limit of 10% for experimentally obtained results. 

Noise spectroscopy revealed slight leakage noise especially at frequencies over 10kHz. 

To account for this, leakage noise spectra were measured separately for each step (𝑉𝐷𝑆 =

0𝑉and subtracted from the useful signal before data analysis. 

After leakage noise subtraction, the measured voltage was converted to current noise 

spectral density utilizing following equation: 

 

𝑆𝐼(𝑓) =
𝑆𝑉(𝑓)

𝑅𝑒𝑞
2

(2)

 

 

Here Req is an equivalent resistance comprised of the parallel connection of channel 

resistance Rch and load resistance RLoad (500 Ω). 

All measurements were carried out at room temperature. 

3.   Results 

The functionalization process was monitored using I-V transfer measurements and noise 

spectroscopy. To ensure accurate results, each measurement was conducted after a buffer 

wash at every step, removing excess molecules.  

 

3.1 I-V transfer measurements 
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The I-V transfer curves are shown in Fig. 3. They are normalized with respect to the current 

level of the charge neutrality point (CNP) of the pristine device to focus on the shift of the 

CNP as well as changes in the transconductance (Fig. 3b). We observed a decrease of the 

current level at the CNP of 60 µA after lipid layer formation as well as after Ypt7 

activation. The current level remained constant during the subsequent functionalization 

steps. We attribute this small increase of the resistance to the introduction of scattering 

centers originating from the attachment of molecules directly or close to the graphene 

channel (Fig. 2a, b).  

On the other hand, the HOPS complex does not get in direct contact with the graphene 

channel but is bound to the membrane-anchored Ypt7 (Fig. 2c). Therefore, as observed but 

not shown, no change in resistance is expected. 

The transconductance was extracted as the first-order derivative of the normalized I-V 

transfer curves, following the relation gm=dI/dV. 

The CNP voltage (VCNP) remains unchanged after formation of the DOPC lipid 

monolayer. This stability is attributed to the zwitterionic nature of the DOPC lipids. 

However, a decrease of the maximum of the transconductance is observed suggesting that 

the lipid monolayer may induce a non-uniform carrier transport effect across the graphene 

surface, leading to a slight transconductance reduction [21]. 

Ypt7 activation led to a -20 mV shift in the CNP, consistent with an electrostatic effect 

associated with positive charge originating from the protein or its positively charged 

regions near the channel.  

Fig. 3 (a) Current-voltage (I-V) transfer characteristics with the inset showing a zoomed-in view around the 

charge neutrality point, and (b) transconductance characteristics measured after HBS buffer wash at each 

functionalization step, with bias voltage VSD = 100 mV. Key: black solid – pristine device, blue short dash – after 

lipid monolayer formation, red dash-dot – after Ypt7 activation and attachment, green long dash – after HOPS 

complex immobilization. 
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In contrast, immobilization of the HOPS complex had negligible effects on the CNP 

position and on the transconductance. This limited electrostatic impact may be due to the 

large size and the distant positioning of the HOPS complex from the graphene channel. 

The electrostatic sensitivity of the device is constrained by the ionic concentration of the 

buffer [22]. Given that 1×HBS buffer was used, the highest electrostatic sensitivity is 

achievable within 0.75 nm of the channel according to the Debye length, beyond which 

sensitivity declines exponentially. Changes of the capacitance can be observed beyond the 

Debye length, if a Donnan potential is formed [23]. However, the absence of changes in 

source-drain current (not shown) and in the transconductance as shown in Fig. 3b suggest 

that the capacitance remains mainly unaffected by protein attachment. At the same time 

noise spectroscopy allows us to obtain more detailed information as will be shown below. 

 

3.2 Noise measurements 

In addition to I-V transfer characterization, noise measurements were conducted to 

investigate the effects of each functionalization step. 

Following the formation of the lipid monolayer, a significant increase in the normalized 

noise spectral density fSi/I2 was observed, rising from 1.4 × 10⁻¹⁰ to 4.9 × 10⁻¹⁰ (Fig. 4). 

After activation of Ypt7, the overall noise level exhibited a significant rise from 4.9×10⁻¹⁰ 

to 8.9×10⁻⁹ fSi/I2. This level remains almost constant during the stabilization of the 

anchoring in the lipid monolayer as well as after removing the excess molecules (Fig. 4b). 

Ypt7 activation and recruitment onto the lipid monolayer requires an incubation for 30 

minutes. During this activation process, Ypt7 first undergoes a nucleotide binding pocket 

remodeling, which involves structural changes in the nucleotide binding pocket. The 

removal of Mg²⁺ by EDTA destabilizes in particular the important Switch I and Switch II 

regions in Ypt7, which are located next to the nucleotide binding pocket, thereby enabling 

the exchange of GDP for GTP [13]. This transition allows Ypt7 to adopt its active state 

and anchor to the lipid monolayer. Subsequently, addition of MgCl₂ as a source of Mg²⁺ 

ions stabilizes the nucleotide binding to Ypt7 and allows for HOPS binding.   

Fig. 4. (a) Normalized noise spectral densities for each functionalization/immobilization step after buffer wash, 

with bias voltage VDS = 0.1 V, and with gate voltage VLG = 0.1 V. Key: Black – pristine device, blue – after lipid 

monolayer formation, yellow – after Ypt7 activation and attachment, green – after HOPS complex 

immobilization. Note that noise spectra are normalized to frequency, the red dashed line indicating 1/f noise. (b) 

Corresponding noise level changes for each functionalization step. 
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To study the origin of the fluctuations causing the noise, the gate dependence of the 

noise spectral densities levels was measured. The results are presented in Fig. 5. They 

reveal that changes in the overall noise level for different functionalization steps remain 

consistent across different gate voltages, demonstrating the stability of the biosensor 

response. The noise reaches its maximum at the CNP indicating a stronger contribution 

from carrier capture-emission events in regions of lower carrier density. The linear 

decrease of the noise level to both sides of the CNP is consistent with the linear increase 

of the charge carrier density in graphene. This behavior supports the hypothesis that 

functionalization-induced charge fluctuations play a critical role in the observed noise 

characteristics of the system. Recent studies using nanowire FET transducers showed 

similar effects of noise induced by analyte molecules present on the buffer side of the 

interface that were explained within the framework of the McWhorter model [17]. 

 

Therefore, we argue that the mechanism behind the changes in the noise spectra can be 

explained by changes of charge fluctuations upon functionalization as discussed below. 

The initial increase after the lipids monolayer formation can be attributed to charge 

fluctuations coupling to the transistor through the effective interface capacitance Ci [24].  

The capacitance in liquid-gated GFETs typically consists of several components, 

including the electrical double-layer capacitance CEDL, the quantum capacitance of 

graphene CQ, and the air gap capacitance Cairgap, which are connected in series [1]. 

However, in the case of lipid-monolayer-functionalized GFETs, an additional capacitance 

Fig. 5. (a) Gate voltage dependence of the normalized noise power spectral density for each functionalization and 

immobilization step. (b) Relative change in noise amplitude normalized with respect to the gate-dependent noise 

of the pristine device. Key: black squares – pristine device (a); blue circles – after lipid monolayer formation; 

yellow upward triangles – after Ypt7 activation and attachment; green downward triangles – after HOPS complex 

immobilization (both (a) and (b)). 
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component associated with the lipid layer CLipids must also be considered, leading to the 

modified interface capacitance equation: 

 
1

𝐶𝑖
=

1

𝐶𝐸𝐷𝐿
+

1

𝐶𝑄
+

1

𝐶𝑎𝑖𝑟𝑔𝑎𝑝
+

1

𝐶𝐿𝑖𝑝𝑖𝑑𝑠
(2)

 

 

Since CLipids dominates the total interface capacitance, it directly influences the input 

spectral power density, which can be expressed as Sinput=(1/Ci)2Sq, where Sq represents the 

power of random charge fluctuations caused by trap states at the graphene-lipid interface 

[24]. These trap states are considered to be the main contributors to the observed increase 

in fSI/I2. 

While the exact origin of the transduction to the graphene channel remains unclear, we 

attribute the strong increase of 1/f noise to dynamic fluctuations of the Ypt7 protein, which 

might be inhibited after recruitment of the HOPS complex. These fluctuations may be 

caused by the C-terminal hypervariable domain (HVD) upstream of the prenylation motif 

of Ypt7. Importantly, the HVD is thought to be crucial for specific membrane targeting in 

vivo [25,26].   

Since the HVD is highly flexible, it is plausible that its dynamic motion near the 

membrane contributes to charge fluctuations and, consequently, the observed increase in 

1/f noise.   

On the other hand, motion of the flexible HVD may cause fluctuations in the distance 

of the charged nucleotide binding pocket to the graphene channel. Previous studies showed 

that binding of the HOPS complex to Ypt7 induces an elongation of the HVD by 

approximately 0.7 nanometers [12]. The binding site of the HOPS complex in Ypt7 is 

thought to be near the nucleotide-binding pocket, in particular in close proximity to Switch 

I and Switch II. Therefore, the observed reduction in noise may result from either the 

stabilization of the HVD following elongation or from direct HOPS binding near the 

nucleotide pocket, suppressing previously observed charge fluctuation events. A 

combination of these factors may end Ypt7-induced noise, leading to the overall reduction 

in noise level. Further experimental validation is required to confirm this hypothesis and 

refine our understanding of the molecular dynamics governing membrane protein 

immobilization. Noise measurements on Ypt7 proteins with different length and flexibility 

of the HVD will be used to explore the molecular mechanism behind the charge 

fluctuations, while changing the anchoring of the Ypt7 within the lipid monolayer will 

allow for investigation of the transduction mechanism.  

4.   Conclusions 

In this work, we successfully immobilized Ypt7 on graphene field-effect transistors 

(GFETs) functionalized with a lipid monolayer, which allowed us to explore the binding 

of the effector HOPS complex in a biological membrane environment. Interestingly, the I–

V transfer characteristics and transconductance measurements showed no significant 
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changes after HOPS immobilization. This limited response is likely due to the distant 

placement of HOPS from the graphene surface and, thus, depends on ionic conditions. 

Specifically, the Debye screening effect reduces the sensitivity of the device to electrostatic 

interactions at physiological ionic strengths. This finding suggests that tuning the ionic 

strength of the buffer could help improve signal detection in future experiments. However, 

changing the buffer concentration can severely affect the protein function. 

On the other hand, noise spectroscopy revealed a much more pronounced and sensitive 

response to each functionalization step as lipid monolayer formation, protein 

immobilization, and protein-protein interaction. After forming the lipid monolayer, we 

observed an increase in noise, which we attribute to trap states forming at the graphene–

lipid interface. Subsequent addition of Ypt7 leads to an increase of 1/f noise by more than 

one order of magnitude that is reduced to the previous level upon addition of the HOPS 

complex. The reduction in noise level is likely caused by the protein-protein interactions 

between Ypt7 and the HOPS complex. 

Our analysis points out two key regions of Ypt7 likely driving this effect: the 

nucleotide-binding pocket and the hypervariable domain (HVD). Both essential regions of 

the protein may be involved in random charge trapping and release events that contribute 

to the observed 1/f noise.  

Altogether, our findings highlight the potential of combining lipid monolayer 

modification of GFETs with graphene-based noise spectroscopy as a highly sensitive 

approach for probing protein–membrane and protein-protein interactions. Beyond basic 

research, this approach could be especially useful for studying molecular mechanisms of 

proteins that are associated with diseases related to membrane trafficking dysfunctions. 
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