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Methods

Protein Purification. The recombinant proteins, full length (FL) and the intrinsically disordered
region (IDR, a.a. 416-705) of EGFP-Synapsin 1, were expressed in mammalian expression system

and purified as previously described!-2.

Giant Unilamellar Vesicles (GUVs). Lipids (Avanti polar lipids, Inc.) used for Giant Unilamellar
Vesicles (GUVs) were dissolved in Chloroform and stored in glass vials at -20°C respectively.
The following lipid species were used: (i) 18:1(A9-Cis)PC / 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), (ii) 18:1 PS / 1,2-dioleoyl-sn-glycero-3-phospho-I-serine (DOPS), (iii)
Atto647N coupled to 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE-Atto647N), a kind
gift from Dr. Vladimir Below, Max Planck Institute for Multidisciplinary Natural Sciences,
Gottingen, DE. The different lipid components were mixed at a molar ratio of 3:1 for the
DOPC:DOPS condition (i.e., 3.75 mM DOPC and 1.25 mM DOPS), while the DOPC condition
consisted of 5 mM DOPC. In both conditions, the lipid solutions were spiked with the fluorescently

labeled lipid DOPE-Atto647N.

The GUVs were generated by electroformation using Vesicle Prep Pro and respective
indium tin oxide (ITO)-coated glass slides®* Specifically, the coated glasses were cleaned with
Milli Q water, 70% Ethanol (VWR Chemicals) and >99.5% Isopropanol (Carl Roth GmbH). The
ITO-coated side of the glass was identified using a voltmeter, and 20 pl of the lipid solution was
pipetted on the conducting surface. The solution was left at RT to let the solvent of the lipids
evaporate. After 20 min, silicon grease was applied to the 16 mm O-ring (Nanion Technologies
GmbH) was was then placed around the dry lipid film. 250 pl of an aqueous solution containing

500 mM D-Sorbitol (MP Biomedicals) was pipetted inside the O-ring and a second ITO-covered



glass slide was inserted on top with the conducting side facing downwards. A protocol was run on
the Vesicle Prep Pro (A =3 V; f=5Hz; T = 36°C; tmain = 2 h; trise = 5 min; trr = 5 min). During
the rise and fall period, a linear increase (rise) and decrease (fall) of the amplitude with a constant
frequency and temperature was carried out respectively. The GUVs were obtained with a cut-off
pipette tip by pulling the solution up and pushing it down gently several times. Then, the vesicle

solution was placed in a reaction tube and stored at 4°C until the start of the experiments.

For the reconstitutions, the condensates were formed as described in?. In short, the protein
was incubated with Polyethylenglycol 8,000 (PEG 8,000) for 15 min and the mixture was then
pipetted on top of the GUVs on a glass bottom microscopy dish. The final composition of the
sample solution consisted of 5 uM protein-of-intertest, 5% PEG 8,000, 18.75 mM Tris-HCl
(pH=17.4), 0.375 mM TCEP and 125 mM D-Sorbitol. The concentration of NaCl was 150 mM
unless otherwise indicated. In order to minimize evaporation, Milli Q water was placed at the

periphery of the microscopy dish before adding any reaction component on the surface.

Microscopy and image analysis. The images were acquired using the Eclipse Ti Nikon Spinning
Disk Confocal CSU-X, equipped with 2 EM-CCD cameras (AndorR iXon 888-U3 ultra EM-
CCD), Andor Revolution SD System (CSU-X), objectives PL. APO 60/1.4NA oil immersion lens.
Excitation wavelengths were: 488-nm for EGFP-Synapsin 1 (both IDR and FL); 638-nm for
DOPE-647N. The laser intensities were 0.013 uW for EGFP-Synapsin 1-FL and 0.086 pW for
EGFP-Synapsin 1-IDR. The laser intensities at 638 nm had to be varied depending on the selected
GUYV but were not higher than 1.520 pW. The exposure time was 200 ms for all experiments. EM
Gain (30 MHz at 16-bit) Multiplier was set to 300 and Piezo stage z-motor was used to collect z-

series.



For fluorescence recovery after photobleaching (FRAP) assays, the bleach ROI was set to
1.12 pm of diameter and bleached at the maximum transmission intensity (488 nm = 4.240 pW
and 638 nm = 7.820 uW) in 15 loops. During the experiments, six images were acquired before
bleaching in one-second intervals, followed by the bleaching, and another acquisition phase during
which one image was acquired every second over ten minutes. The reference ROI was assigned to
a condensate, not in contact with any GUV. The microscopy data was acquired using the software

NIS Elements 5.21.02 and then analyzed with Fiji ImageJ (NIH).

For the analysis of the FRAP data, the mean fluorescent intensity inside the bleached area
was measured every second over the course of the entire recording. A correction factor was
calculated based on the reduction of fluorescence outside of the bleached area; the corrected values
were then normalized according to the minimum and maximum values over the total span of the
recording. The contact coefficient was quantified in the following manner: A circumference of the
condensate (c) was marked as well as at the contact interface between the condensate and the GUV
(1). The contact coefficient represents the ratio l/c, expressed as a percentage. For all contact
coefficients, at least five different condensates from three independent reconstitutions were
quantified. For statistical analysis, unpaired, two-tailed t-tests were performed. Two asterisks (**)
indicate a p-value < 0.01; four asterisks (****) indicate a p-value < 0.0001. All the plots were

generated in GraphPad PRISM 9.

Graphene Field Effect Transistors (Gr FET). Gr FETs were made on highly doped n type Si
wafers with 300 nm wet thermal oxide layer. Monolayer flakes were isolated via micromechanical
exfoliation procedure® from natural graphenium flakes (from NGS) by multiple cleavage with
sticky tapes (Nitto Denko ELP BT150ECM), and subsequently deposited on the Si/SiO> chips.

Thin flakes were pre selected by optical microscopy based on established monolayer contrast.



The monolayer thickness was confirmed by Raman spectroscopy’, using Horiba LabRam HR
Evolution confocal spectrometer with 1800 lines/mm gratings, 532 nm laser source, and excitation

power of 3.2 mW.

Electrodes were deposited by deterministic dry transfer of graphite flakes® using
poly(dimethylsiloxane) (PDMS) stamps. Electrode flakes were prepared by cleaving of “needle”
graphite crystals (from NGS), and transferred to PDMS stamps for selection and alignment with
graphene on SiO2/Si support. The same stamping procedure was employed with hBN layers that
were used for capping of the devices in the experiments with the dielectric separator layers.
Stacking of the heterostructures was carried out in a custom-built ambient transfer stage setup. By
avoiding conventional photolithography or electron beam lithography, pristine surface of the
channel is preserved’. Such process ensures that the adsorption events are not governed by
contaminants or resist residues in the channel active area. Size of the device active area was
estimated from optical micrographs and cross checked by atomic force microscopy measurements.
All employed devices had a two terminal and global SiO; back gate geometries. Typical channel

lengths and widths were between 10 pm and 20 pm.

Electrical measurements. Two types of the electrical measurements were carried out: electrical
transfer characteristic measurements (drain current as a function of the global gate bias sweeping),
and sensing the charge transfer. In all cases, Keithley 2636A Source-Meter attached to the Instec
probe station was used. During both type of electrical measurements, the bias (voltage) between
the source and the drain electrodes was kept at 10 mV, yielding the drain currents in a range of

100-1000 nA.



For the measurements of the transfer characteristics cyclic sweeping of the back gate bias
with minimum of three repeated cycles was done in air immediately before the sensing
experiments, with sweep rates of 0.5 V/s. When possible, the same process was repeated in liquid
after the drain current saturates (about 120 s to 180 s, with an exception of the synapsin 1 FL
solution where longer times are needed to achieve saturation). In liquid a minor increase in the
forward and backward sweeping hysteresis was observed, which could be attributed to the
interaction with water molecules. If exposed to pure deionized water, the hysteresis was observed

to be emphasized.

For the sensing of the charge transfer, the gate bias was set to 0 V, while 10 mV of the
source drain bias was applied. The current through the device was measured in intervals of 20 ms.
After 30-60 s of stable current level in air, a 2 pL droplet of the solution was drop casted covering
the device active area and the electrodes, but not the edges of the chips to ensure that there is no
interference with the grounded back gate electrode. Formation of a parallel conductive path
through the solution can be neglected as the overall current values do not change significantly, that
is, the predominant change of the Ip(Vsc) curves upon exposure to the analytes is the shift of the
curves with respect to analyte-specific Vsg offset. This is also obvious from the fact that the
minimal value of the charge neutrality point has only a minor change when comparing the transfer

characteristics measured in air and in the liquids.

To convert from the total current measured across the device to the Ae’(t) per unit area,
transconductance curves measured before the exposure to liquid were used to estimate the gate
bias equivalent change by interaction with the solution. Afterwards, considering the active area of

the devices (area of the exposed graphene monolayers) and known back gate capacitance it is



possible to express the detected change in the current as the number of charges that change in the

graphene layer upon the interaction with the liquid.

For each data set presented in Figure 3, three Gr FETs were used, starting from initially
both n and p type unintentionally doped devices. As a result, for the same liquid the opposing
initial values (in the n- or p- branches) of the Fermi level would introduce reduction or increase in
the measured drain current. However, when expressed as Ae’(t), the response of both initially n
and p type devices was found to be consistent. The initial variations of the Fermi level were

estimated to be within the range of =100 meV.

For n-doping, if the device is becoming n-doped this indicates that surely the number of
the free electrons in graphene is increasing. Consequently, graphene layer becomes negatively
charged. This implies that the formation of the interface drives an increase of the Fermi level in
graphene, shifting it to a higher value. Consequently, the Ip(Vsg) curves appear shifted to the left
side with respect to the measurements before the analyte exposure. This amount of shift is
measured in the applied gate voltage, and can be then expressed either as the shift of the Fermi
level, or a change in the electron concentration. The opposite would occur for p-doping. Here,
electrons are leaving graphene. One could also describe this as that holes are accumulating in
graphene. Consequently, the Fermi level lowers i.e., the graphene layer becomes positively

charged.

Measuring the change in the electrical properties of graphene upon analyte exposure
pinpoints what change this has introduced in the electron gas of graphene. However, the observed
fluctuations of the free carriers upon the interface formation could be originating from two

scenarios: In the first scenario, a charged adsorbate from the analyte solution comes in contact



with graphene and physically exchanges electrons across the graphene/adsorbate interface. In the
second scenario, the adsorbate comes in contact with graphene, but cannot exchange the charge.
This leads to graphene experiencing the electrostatic field of the adsorbate and consequently the
needed access charge is provided by the electrical circuit i.e., the electrons never cross the

graphene/adsorbate interface.
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Figure S1: Reference electrical transfer curves. Transfer characteristics (In(Vsg)) of Gr
FETs right before exposure to the analyte (gray) and while in the solution (green) for (a) pure
deionized (DI) H>O, (b) buffer solution. In the case of DI water, a shift of the characteristics in the
positive Vgs direction and pronounced hysteresis were observed. Both the observed Ae™ and the
hysteretic device behavior are attributed to the interaction of water molecules with graphene and

the water dipole response to the sweeping of the gate fields'®!!.
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