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Chapter 7

Enhancing and rectifying elec-
tron transport through a biomolecular junction
comprising Photosystem I and graphene

Biological systems provide a large pool of chiral materials. Understanding the electrical
properties of these materials opens up possibilities for bio-organic opto-electronic, photo-
voltaic, or spintronic applications. For this purpose, here we incorporate natural pho-
tosynthetic protein complex Photosystem I (PSI) onto graphene electrodes, and inves-
tigate the electron transport through the biomolecular junction. Comparing to earlier
researches, we significantly enhanced and rectified the electron transport by using phage-
displayed peptides as binders between PSI and graphene. Further, we studied how the
electron transport through the junction is affected by mechanical contact. Our results
provide insights for future device designs involving large bio-orgnaic systems.

This chapter is being prepared as:
X. Yang, T. Bosma, E. B. P. Brul, A. Kunzendorf, P. I. Gordiichuk, A. Herrmann, B. J.
van Wees & C. H. van der Wal, ”Enhancing and rectifying electron transport through a
biomolecular junction comprising Photosystem I and graphene”
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Chirality is abundant in natural bio-organic systems. Understanding its role in
various biological processes is not only fundamentally interesting, but also impor-
tant to the development of nature-inspired technologies. For example, the chirality
of a photosynthetic membrane protein complex, photosystem I (PSI), reportedly in-
duces spin-polarized electron transfer during its photo-excitation and relaxation cy-
cles [1]. This suggests a role of electronic spin in photosynthesis, and hints potential
opto-spintronic applications for PSI [2]. Additionally, PSI is one of the most efficient
light-harvesting systems to date. It has a quantum efficiency of nearly 100% [3, 4],
which contributes to the overall high efficiency of photosynthesis [5, 6], and shows
application prospects in fields like photovoltaics and opto-electronics [7–13]. Be-
cause of this, PSI has been incorporated onto electrodes to understand its electron
transport properties and to pave way for future applications. The desired elec-
trode should be optically transparent and support efficient electronic charge and
spin transport, and is thereby often chosen as graphene [14–17]. However, the elec-
tron transport across the PSI-graphene biomolecular junction has remained poor,
hindering further technological developments.

Here we enhance the electron transport in PSI-graphene junctions by modifying
PSI with phage-displayed peptides. This is demonstrated on commercially available
CVD (chemical vapor deposition) graphene, and the electron transport is character-
ized using conductive atomic force microscopy (cAFM) techniques.

7.1 Binding PSI onto graphene using peptides

7.1.1 Sample preparation

For our research, cyanobacterial PSI was extracted and purified following the proce-
dure described in Ref.13. These PSI units typically appear as trimers with diameters
of around 25 nm and heights of around 7 nm [13, 18]. They were kept in Buffer A
(see Experimental Section) at a concentration of 1 µM before use.

To form biomolecular junctions, the PSI units were immobilized onto graphene
surfaces in two steps. First, the PSI-Buffer A solution was mixed with a phosphate-
buffered saline (PBS) solution that contained the peptides (see later discussions for
details on peptides). This gave a mixed solution with PSI concentration of 0.1 µM
and a desired PSI:peptide ratio. Second, the graphene substrate (graphene on SiO2)
was immersed in the mixed solution for a period of time for immobilization. Both
steps were performed in the dark to minimize optical activity of PSI. Both the PSI-to-
peptide ratio and the incubation time were varied for optimization, which concluded
a 1 : 1 ratio and a 2-hour incubation time.
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After immobilization, the graphene substrate was cleaned with water (Milli-Q)
and then blown dry with gentle nitrogen flow. This treatment was intended to re-
move any excess PSI or peptides while keeping the immobilized ones on the graphene
surface. The surface profiles and the subsequent electrical measurements were then
measured with an AFM (Bruker MultiMode 8).

7.1.2 Peptide improves PSI coverage

Figure 7.1 shows the surface profiles of control samples prepared using only the pep-
tides (a) and only the PSI (b), and the sample prepared using both (c). Figure 7.1a
reveals nonuniform structures with height variation of around 1 nm, which likely
corresponds to aggregated peptides. Figure 7.1b shows scattered grainy structures
that resemble the shape and height of PSI. In comparison, Figure 7.1c, which corre-
sponds to a sample prepared with 1 : 1 PSI-to-peptide ratio and an incubation time
of 2 hours, shows similar grainy structures as in Fig. 7.1b, but as a densely packed
monolayer. This indicates an improved PSI coverage due to the use of peptides. This
region exhibits a high PSI number density (coverage) of around 1000 µm−2. How-
ever, we found that for the same sample and other samples prepared using the same
peptide (GGD, see Table 7.1 for details), the PSI coverage was not uniform across the
entire sample surface. We explain this as a consequence of the washing and drying
procedures where nonuniform mechanical interactions took place due to water and
air flow.

For comparison, we tested four other different sequences of peptides: HGI, IGH,
IGG, GGI, as introduced in Table 7.1. They all contained two functional segments,
one that was previously developed using phage display to bind to PSI with a con-
trolled orientation [19], and another (two variants) which was reported to bind to
graphene [20, 21]. These segments were linked to each other with glycine G (either
one or three units). These peptide structures were designed in order to serve as
binders between PSI and graphene.

Using each of these peptides, we immobilized PSI following the same procedure
as described above. Then we performed AFM scans (size 3 µm by 3 µm) at five
random locations on each sample in order to analyze the average number density of
immobilized PSI units. All the four peptides yielded uniform PSI coverage, with HGI
being the highest at 22.67 µm−2 (see Table 7.1). This is however still much lower than
the maximum coverage of about 1000 µm−2 observed on the GGD samples, which
are although highly nonuniform.

It is worth noting that the GGD peptide contained a segment that has inverted
sequence as compared to the phage-displayed PSI-binding segment used in other
peptides [19]. It was likely that this sequence inversion affected the binding rate and
binding strength between the peptide and the PSI [22–24]. For the other peptides, it
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Figure 7.1: AFM height profile of CVD graphene substrates after being immersed 2 hours in a.
a peptide solution, b. a PSI solution, and c. a PSI + peptide (1:1) mixed solution. A line profile
(white line) parallel to the AFM scan direction is shown below each surface map. The scales
of all line profiles are set equal. The structure of a PSI trimer is shown as insets in b, where the
top inset shows the top-view of a PSI trimer with a diameter of about 25 nm; and the bottom
inset shows the side-view of a PSI monomer with a height of about 8 nm). PSI structure is
taken from RCSB PDB (1JB0) [18]. The peptide used was GGD (see Table 7.1).[Change fig
label Height]

Table 7.1: Comparison of immobilized PSI number density for different binding peptides.

Peptide name Peptide sequence PSI coverage (µm−2)
HGI HSSYWYAFNNKT-GGG-IQAGKTEHLAPD 22.67
IGH IQAGKTEHLAPD-GGG-HSSYWYAFNNKT 6.22
IGG IQAGKTEHLAPD-G-GAMHLPWHMGTL 8.11
GGI GAMHLPWHMGTL-G-IQAGKTEHLAPD 8.89
GGD GAMHLPWHMGTL-G-DPALHETKGAQI up to 1000*

* Among the five randomly chosen regions, some showed densely packed PSI like in
Figure 7.1c, but some were completely empty.

was possible that the binding properties of either segment was affected when com-
bining them into one peptide using a few glycine units. The exact impact was how-
ever unclear.
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7.2 Enhanced and rectified PSI-graphene electron trans-
port

7.2.1 Point-and-shoot technique for I-V characterization

The densely covered region obtained using the GGD peptide allowed us to perform
electrical measurements on the PSI-graphene biomolecular junction, and this was
done using conductive AFM (cAFM) techniques. We used Pt/Ir coated AFM probes
and the Bruker MultiMode 8 was operated in PeakForce Tunneling AFM (PF-TUNA)
mode. The geometry and the electrical wiring of this measurement is shown in Fig-
ure 7.2a. We first used a Point and Shoot method. The sample height profile was
scanned with a controlled tip-sample contact force of no more than 1 nN. Then, ac-
cording to this height profile, we positioned the AFM probe over individual PSI units
and ramped down until a contact force of 10 nN. At this position, a bias sweep be-
tween ±1 V was applied and the current through the junction was measured. One
of the I-V curves obtained using this method is shown in Figure 7.2b.

The curve in Figure 7.2b exhibits rectified I-V behavior, and the rectification is
quantified with

� = −I−0.5

I0.5
(7.1)

where I−0.5 and I0.5 are the currents measured at a sample bias of −0.5 V and 0.5 V,
respectively. These bias voltages were phenomenologically chosen to be at the region
where all (valid) I-V curves are nonlinear and do not reach the instrumental limit
(within roughly ±550 nA under our settings). For the GGD sample, majority of the
I-V showed rectifications of � > 1.

This rectified electron transport was previously attributed to the orientation of
PSI, because the internal electric dipole of PSI (which is determined by its structure)
would induce asymmetric electron transfer [7, 25]. This would imply that the GGD
peptide helped control the orientations of the bound PSI.

We also observed an exceptionally high charge current through the PSI-graphene
junction. It often reached about 100 nA (at ±0.5 V sample bias), significantly higher
than previously reported PSI junctions using other binding molecules or other sub-
strates [14–17, 19, 25].

We emphasize here two aspects about this high conductance. First, it was mea-
sured across a biomolecular junction with a thickness of around 8 nm. This strongly
suggests that the electron transport happens via a conduction pathway, rather than
by completely tunneling through the entire junction. Second and more importantly,
the high conductance (as compared to other works using binding molecules other
than peptides) indicated that the peptides helped enhance the electrical conduction
through the junction. This could be due to the selective binding of the peptide to
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Figure 7.2: Geometry of the cAFM measurements and typical I-V curves obtained from the
measurements. a. The wiring of the PF-TUNA mode used for cAFM measurements, illustrat-
ing the configuration of an AFM tip directly placed on top of a PSI unit, which has an internal
electric dipole moment indicated by the gray arrow, and b. the I-V curve obtained for this
configuration. c. The short-circuit configuration where the tip is in contact with the graphene
substrate (inset), and its corresponding I-V curve. d. The open-circuit configuration where
the AFM tip is not in contact with any conductive material (inset), and its corresponding I-V
curve.

one end of the electron transfer chain within PSI, as was initially designed [19]. Con-
sequently, it may provide an electron transfer path between PSI and graphene, and
thereby enhance the conduction through the entire junction.

Note that two other types of I-V curves were also often measured. One is a short-
circuit curve, as shown in Figure 7.2c. This linear I-V behavior was obtained when
the AFM tip was placed in a region without PSI coverage, and can be explained
by the direct contact between the tip and the graphene substrate. The other is an
open-circuit flat line, which was caused by poor tip-sample contact, as shown in Fig-
ure 7.2d. The poor contact could be due to wearing off of the tip coating, ramping
onto nonconductive parts of PSI or contaminants on the sample, noneffective bind-
ing between PSI and graphene, or denaturation of PSI.
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7.2.2 Random positioning method for statistical confirmation

In order to statistically confirm the role of peptides in the PSI-graphene junction,
we took a Random Positioning approach, where we performed ramping and subse-
quent I-V sweeps at a large number of random positions on a GGD sample within
a region that was densely covered by PSI. (For control experiment, we also chose a
densely packed region on a sample where PSI was deposited onto graphene with-
out using peptides.) With this approach, we were able to exclude the influence of
subjective selection of measurement positions and systematic errors associated with
the positioning of the AFM probe. After obtaining a large amount of I-V curves, we
removed short-circuit and open-circuit ones in order to account for only the effectively
bound PSI units (see Experimental Section), and left 648 (out of 5436, yield of 11.92%)
valid I-V curves for the GGD sample, and only 142 (out of 2126, yield of 6.67%) for
the control sample. For all valid curves, we took the logarithm value of the |I−0.5|
(without unit) and �, and plotted their distributions as 2D histograms, as shown in
Figure 7.3.
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Figure 7.3: 2D histograms for log |I−0.5/[A]|, which denotes the logarithm (base 10) of the
current value (in Ampere), and log�, for the samples of PSI on graphene prepared a. without
and b. with peptides. Red dashed lines show log� = 0, which indicates symmetric IV.

The results strongly suggest an enhanced and rectified electron transport across
the PSI-graphene junction due to the use of peptides: First of all, the use of peptides
nearly doubled the yield of valid I-V curves, indicating the ability of peptides in
improving the electrically active binding between PSI and graphene. Secondly, the
use of peptides introduced a clearly rectified I-V behavior by shifting log� values
from centered around 0 to around 0.3, confirming the role of peptides in altering the
electron transport properties of the junctions. Finally, comparing the most probable
current magnitude in the two histograms, the use of peptides increased the |I−0.5| by
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roughly one order of magnitude, suggesting a significant enhancement of electrical
conduction through the junctions.

We point out that the current limit of the system was around ±550 nA, thus cur-
rents with higher magnitudes (log |I−0.5/[A]| > −6.3) were removed during data
filtering and were not accounted for in the statistics. Taking this into account, the
actual enhancement of the current magnitude could be larger than shown here. Fur-
thermore, it was not necessarily the case that the rectification was caused by the pep-
tide orienting PSI, as was previously discussed [7, 26]. This could alternatively be
explained as electrode and electrical interface effects, such as asymmetric electrode
materials [27], asymmetric coupling at the molecule-electrode interfaces [28, 29], and
asymmetric tunnel barriers at the interfaces [30].

It is worth noting that both the log |I−0.5| and log� showed large scatters. The
current magnitude, especially, spanned over the entire range the instrument could
measure (four orders of magnitude). This adds complexity to understanding the
electrical coupling between the PSI and the graphene substrate. We attribute this
large span to two mechanisms. First, as a result of random positioning, the AFM tip
was not guaranteed to land exactly atop the PSI electron transfer chain. The relative
position affects the effective contact area and the exact electron transport path, and
consequently, the measured current magnitude. Secondly, the contact force between
the AFM tip and PSI might fluctuate during the data acquisition processes. Although
the force was set to be kept constantly at 10 nN, the actual value could be different
due to environmental disturbances and instabilities of the AFM stage. This second
aspect is further investigated in the next section.

7.3 Mechanical tuning of PSI-graphene electron trans-
port

We studied the impact of contact-force on I-V curves on a single PSI unit (bound on
graphene using the GGD peptide). First, we performed a zoom-in height profile scan
to have only one PSI unit in the image (Figure 7.4a). Then, we ramp the AFM probe at
the center of the PSI unit (indicated by marker in Figure 7.4a) to repeat Point and Shoot
at a set of gradually increasing contact forces. At each contact force, we obtained an
I-V curve, as plotted in Figure 7.4b. In the end, we scanned again the height profile
to make sure the PSI unit was still in the image (Figure 7.4c), confirming that the
AFM stage had not drifted and thus all the I-V curves were measured on the same
PSI unit. These results showed that the PSI I-V strongly depended on the contact
force, and higher contact forces gave steeper I-V curves.

We calculated the resistance of PSI within the linear regime (between ±0.05 V
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Figure 7.4: Force dependence of I-V curves across a PSI-graphene junction. a. Height profile
scan of a single PSI unit, before I-V sweeps. The marker indicates where the tip is ramped for
all I-V sweeps. b. Selected I-V sweeps at the marker location under different contact forces,
in the experiment the forces were ramped from low to high. c. Height profile scan of the same
PSI unit, after all I-V sweeps. d. Resistance at the zero-bias (linear) regime (obtained from
the I-V curves between ±0.05 V sample bias) as a function of applied contact force, plotted
in log scale. The black line is an exponential fit for forces between 10 and 65 nN. Inset: Force
dependence of log�, the black line is a linear fit for forces below 65 nN, and dashed line marks
log� = 0, which corresponds to nonrectified IV.

sample bias) and plotted it as a function of contact force, see Figure 7.4d. The force
dependence shows two regimes. For forces lower than 65 nN, there is a clear trend of
decreasing resistance with increasing contact force, and the dependence is roughly
exponential (black line, note the semi-log scale). However, for higher forces, the re-
sistance jumps down to about 10−3 GΩ, and the force dependence becomes unclear.

We also calculated the rectifications of these I-V curves at ±0.5 V sample bias,
and plotted log� against the contact force in the inset of Figure 7.4d. We observe
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roughly one order of magnitude, suggesting a significant enhancement of electrical
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due to environmental disturbances and instabilities of the AFM stage. This second
aspect is further investigated in the next section.
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I-V curve, as plotted in Figure 7.4b. In the end, we scanned again the height profile
to make sure the PSI unit was still in the image (Figure 7.4c), confirming that the
AFM stage had not drifted and thus all the I-V curves were measured on the same
PSI unit. These results showed that the PSI I-V strongly depended on the contact
force, and higher contact forces gave steeper I-V curves.

We calculated the resistance of PSI within the linear regime (between ±0.05 V
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in log scale. The black line is an exponential fit for forces between 10 and 65 nN. Inset: Force
dependence of log�, the black line is a linear fit for forces below 65 nN, and dashed line marks
log� = 0, which corresponds to nonrectified IV.

sample bias) and plotted it as a function of contact force, see Figure 7.4d. The force
dependence shows two regimes. For forces lower than 65 nN, there is a clear trend of
decreasing resistance with increasing contact force, and the dependence is roughly
exponential (black line, note the semi-log scale). However, for higher forces, the re-
sistance jumps down to about 10−3 GΩ, and the force dependence becomes unclear.

We also calculated the rectifications of these I-V curves at ±0.5 V sample bias,
and plotted log� against the contact force in the inset of Figure 7.4d. We observe
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here the same two force regimes. For forces lower than 65 nN, � increases exponen-
tially with increasing contact force (black line, note the plotted log� value), while
for higher forces log� jumps to around zero.

We explain the trends at lower forces as results of PSI deformation, and the sepa-
ration of regimes as a structural breakdown of PSI. For lower forces, increasing con-
tact force causes larger deformation, which could shorten the distance between the
two electrodes (tip and graphene), and subsequently reduce the barrier width for
any associated tunneling. Also, larger deformation could enlarge the contact area
between PSI and the tip, providing more channels for conduction. These combined
give rise to a lower electrical resistance. At the same time, in the nonlinear regime
where the rectification was evaluated, the shortened channel length can also lead to
an increased electric field across the junction (at a given bias voltage). This may am-
plify any asymmetric transport behavior either due to the electrical interfaces or due
to the internal electric dipole associated with PSI orientation, and therefore increase
the rectification �. The breakdown of these trends at about 65 nN can be attributed
to an inelastic structural damage of PSI. This structural change is also evidenced by
the height difference of the same PSI unit before and after taking the series of I-V
curves. In Figure 7.4a (before measurements), the height variation within the scan
area is about 12.4 nm, while in Figure 7.4c (after measurements) it is about 10.6 nm.

The above force dependence demonstrates that the electrical properties of PSI
or a PSI-graphene junction are highly sensitive to mechanical interactions. On one
hand, this provides an extra degree-of-freedom to tune the electrical properties of
such a junction for potential applications such as force sensing. On the other hand,
it also demonstrates complication for designing devices based on such biomolecular
materials.

Furthermore, these force dependences show that results from the common exper-
imental technique, cAFM, can be strongly affected by the environment. For exam-
ple, the fluctuations of temperature and humidity may cause the AFM stage to drift,
hence may change the contact force. It is therefore more complicated than commonly
expected to conduct systematic electrical measurements with cAFM. One should al-
ways take into account the tip-sample contact force, and rely mainly on statistical
results rather than individual I-V curves. For instance, during our Random Position-
ing experiments (including the control experiment), the AFM system was identically
prepared before data acquisition and was kept in the same environment, and each
measurement session took the same amount of time. Therefore, for all samples, the
systematic instability of the contact force should be comparable, and this is sup-
ported by the similar levels of scatters in the two panels in Figure 7.3. As a result, it
was proper to compare the centers of distribution in these two figures.
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7.4 Conclusion

In summary, with the use of peptides that were partially developed using phage dis-
play, we successfully obtained a monolayer of Photosystem I trimers on graphene
surfaces, and at the same time observed significant enhancement of electrical trans-
port across the biomolecular junction. Our statistical results showed at least a one-
order-of-magnitude increase of tunneling current and an introduction of rectified
current-voltage (I-V ) behavior due to the use of peptides. This is possibly due to the
direct bindings of the peptides to the PSI electron transfer chain and graphene, and
thereby altered the electrical properties of both the electrical interfaces and the entire
junction itself. Further, we found that the current magnitude and the rectification
were both affected by the tip-sample contact force, and we observed a breakdown of
PSI at a force of about 65 nN. We also discussed that cAFM measurements on large
biomolecular junctions must be based on proper statistical approaches that consider
the tip-sample contact force.

Overall, the peptides provide a new tool to incorporate photosynthetic protein
complexes onto solid-state devices while maintaining a good electrical coupling be-
tween the two parts. Similar techniques can be applied to other large protein com-
plexes too. Further research should improve the coverage of the protein complexes
by tuning the sequence of the peptides, and focus on the potential applications of
these hybrid devices, for example, in the field of opto-electronics, photovoltaics, or
spintronics.

7.5 Methods
Photosystem I cultivation, extraction and purification were done following the procedure reported in Ref. 13.
The purified PSI was kept in Buffer A (20 mM HEPES, 10 mM MgCl2, 10 mM CaCl2, 500 mM Mannitol)
and 0.3% DDM, and was stored in the dark at −80 ◦C at a PSI trimer concentration of 1 µM.

Peptides: Lyophilized peptides with > 90% purity were purchased from two companies. Peptide
GGD was from Proteogenix and the others were from Caslo. All peptides were kept in PBS at 5 µM prior
to immobilization.

PSI immobilization: The PSI and peptide solution were defrosted in the dark in ice before being mixed
and further diluted with PBS. The final solution had the PSI and the peptide both at 0.1 µM concentration.
This solution was then shaken at 500 rpm at 4 ◦C in the dark for 1 hour. Afterwards, a piece of CVD
graphene on SiO2 sample (purchased from Graphenea, cut into 2.5 mm by 5 mm shape) was immersed in
the solution and incubated for 2 hours. During incubation, the system was kept at room temperature in
the dark. After the incubation the samples were gently taken out of the solution and rinsed with Milli-Q
water before being blown-dry with gentle nitrogen flow. The sample was then immediately kept in the
dark until further measurements, which for our case varies between 1 and 24 hours.

AFM measurements: After immobilization the sample was glued to a stainless steel sample plate, and
the sample plate was brought into electrical contact to the graphene surface with silver paste. The sample
was then scanned in PeakForce TUNA mode with a Bruker Multimode 8, using Bruker’s PFTUNA probes
(f0 = 70 kHz, k = 0.4 N/m). During AFM scans all light sources in the environment (apart from the
red laser in the AFM scanning head) were turned off, and the scanning head opening was covered with a
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here the same two force regimes. For forces lower than 65 nN, � increases exponen-
tially with increasing contact force (black line, note the plotted log� value), while
for higher forces log� jumps to around zero.
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tact force causes larger deformation, which could shorten the distance between the
two electrodes (tip and graphene), and subsequently reduce the barrier width for
any associated tunneling. Also, larger deformation could enlarge the contact area
between PSI and the tip, providing more channels for conduction. These combined
give rise to a lower electrical resistance. At the same time, in the nonlinear regime
where the rectification was evaluated, the shortened channel length can also lead to
an increased electric field across the junction (at a given bias voltage). This may am-
plify any asymmetric transport behavior either due to the electrical interfaces or due
to the internal electric dipole associated with PSI orientation, and therefore increase
the rectification �. The breakdown of these trends at about 65 nN can be attributed
to an inelastic structural damage of PSI. This structural change is also evidenced by
the height difference of the same PSI unit before and after taking the series of I-V
curves. In Figure 7.4a (before measurements), the height variation within the scan
area is about 12.4 nm, while in Figure 7.4c (after measurements) it is about 10.6 nm.

The above force dependence demonstrates that the electrical properties of PSI
or a PSI-graphene junction are highly sensitive to mechanical interactions. On one
hand, this provides an extra degree-of-freedom to tune the electrical properties of
such a junction for potential applications such as force sensing. On the other hand,
it also demonstrates complication for designing devices based on such biomolecular
materials.

Furthermore, these force dependences show that results from the common exper-
imental technique, cAFM, can be strongly affected by the environment. For exam-
ple, the fluctuations of temperature and humidity may cause the AFM stage to drift,
hence may change the contact force. It is therefore more complicated than commonly
expected to conduct systematic electrical measurements with cAFM. One should al-
ways take into account the tip-sample contact force, and rely mainly on statistical
results rather than individual I-V curves. For instance, during our Random Position-
ing experiments (including the control experiment), the AFM system was identically
prepared before data acquisition and was kept in the same environment, and each
measurement session took the same amount of time. Therefore, for all samples, the
systematic instability of the contact force should be comparable, and this is sup-
ported by the similar levels of scatters in the two panels in Figure 7.3. As a result, it
was proper to compare the centers of distribution in these two figures.
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In summary, with the use of peptides that were partially developed using phage dis-
play, we successfully obtained a monolayer of Photosystem I trimers on graphene
surfaces, and at the same time observed significant enhancement of electrical trans-
port across the biomolecular junction. Our statistical results showed at least a one-
order-of-magnitude increase of tunneling current and an introduction of rectified
current-voltage (I-V ) behavior due to the use of peptides. This is possibly due to the
direct bindings of the peptides to the PSI electron transfer chain and graphene, and
thereby altered the electrical properties of both the electrical interfaces and the entire
junction itself. Further, we found that the current magnitude and the rectification
were both affected by the tip-sample contact force, and we observed a breakdown of
PSI at a force of about 65 nN. We also discussed that cAFM measurements on large
biomolecular junctions must be based on proper statistical approaches that consider
the tip-sample contact force.

Overall, the peptides provide a new tool to incorporate photosynthetic protein
complexes onto solid-state devices while maintaining a good electrical coupling be-
tween the two parts. Similar techniques can be applied to other large protein com-
plexes too. Further research should improve the coverage of the protein complexes
by tuning the sequence of the peptides, and focus on the potential applications of
these hybrid devices, for example, in the field of opto-electronics, photovoltaics, or
spintronics.

7.5 Methods
Photosystem I cultivation, extraction and purification were done following the procedure reported in Ref. 13.
The purified PSI was kept in Buffer A (20 mM HEPES, 10 mM MgCl2, 10 mM CaCl2, 500 mM Mannitol)
and 0.3% DDM, and was stored in the dark at −80 ◦C at a PSI trimer concentration of 1 µM.

Peptides: Lyophilized peptides with > 90% purity were purchased from two companies. Peptide
GGD was from Proteogenix and the others were from Caslo. All peptides were kept in PBS at 5 µM prior
to immobilization.

PSI immobilization: The PSI and peptide solution were defrosted in the dark in ice before being mixed
and further diluted with PBS. The final solution had the PSI and the peptide both at 0.1 µM concentration.
This solution was then shaken at 500 rpm at 4 ◦C in the dark for 1 hour. Afterwards, a piece of CVD
graphene on SiO2 sample (purchased from Graphenea, cut into 2.5 mm by 5 mm shape) was immersed in
the solution and incubated for 2 hours. During incubation, the system was kept at room temperature in
the dark. After the incubation the samples were gently taken out of the solution and rinsed with Milli-Q
water before being blown-dry with gentle nitrogen flow. The sample was then immediately kept in the
dark until further measurements, which for our case varies between 1 and 24 hours.

AFM measurements: After immobilization the sample was glued to a stainless steel sample plate, and
the sample plate was brought into electrical contact to the graphene surface with silver paste. The sample
was then scanned in PeakForce TUNA mode with a Bruker Multimode 8, using Bruker’s PFTUNA probes
(f0 = 70 kHz, k = 0.4 N/m). During AFM scans all light sources in the environment (apart from the
red laser in the AFM scanning head) were turned off, and the scanning head opening was covered with a
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stainless steel cover piece. The images and I-V curves were analyzed with the NanoScope Analysis 1.8

software.
Data filtering for statistics: After obtaining a large number of I-V curves, we filter out short-circuit

and open-circuit ones. Here, short-circuit curves were defined as those in which I−0.5 or I0.5 reached the
current limit of the AFM (the highest positive or lowest negative current that the system could measure),
which was roughly ±550 nA for the settings we used. Open-circuit curves accounted for two cases: first,
those in which I−0.5 and I0.5 were equal (the value was often not zero due to system offset); and secondly,
those in which the maximum absolute value of the curve was smaller than the resolution of the current
meter (the minimum current that the system could detect, roughly 30 pA for our settings).
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Chapter 8

Closing remark – Spinchiraltronics

This thesis began with two fundamental questions concerning the theoretical and experi-
mental development of chirality-induced spin selectivity (CISS). After approaching these
questions from a solid-state spintronics point of view, here we conclude the thesis by an-
swering them. With this, we illustrate a systematic approach to further study CISS, and
envision a future where additional controls and functionalities are enabled by bridging
chirality and spin in electronic devices.
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