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Abstract

External stimuli are potent tools that Nature uses to control protein function and activity. For
instance, during viral entry and exit, pH variations are known to trigger large protein
conformational changes. In Nature, also the electron transfer (ET) properties of ET proteins are
influenced by pH-induced conformational changes. In this work, a pH-controlled, reversible 3o
helix to a-helix conversion (from acidic to highly basic pH values and vice versa) of a peptide
supramolecular system built on a gold surface is described. The effect of pH on the ability of the
peptide SAM to generate a photocurrent was investigated, with particular focus on the effect of
the pH-induced conformational change on photocurrent efficiency. The films were characterized
by electrochemical and spectroscopic techniques, and were found to be very stable over time, also
in contact with a solution. They were also able to generate current under illumination, with an

efficiency that is the highest recorded so far with biomolecular systems.

KEYWORDS: Supramolecular chemistry, electron transfer, conformational transition, peptides,

photocurrent generation.

Introduction

External stimuli are potent tools that Nature uses to control protein activity." For instance, pH
variations are known to trigger large protein conformational changes, which are crucial for viral
entry and exit in the cells.>® In Nature, also the electron transfer (ET) properties of ET proteins
(such as azurin and cytochrome c,) can be influenced by a pH-induced conformational change.” In
general, peptides and proteins sensitive to pH have basic or acidic amino acids such as lysine,
histidine or glutamic acid, which guide peptide or protein pH-induced conformational changes.5|D In

the present work, we investigated the intriguing correlation between pH-triggered 3D-structure
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modification and ET on a versatile, peptide-based model system.8 The final aim of the work is to
study the effect of the peptide conformation on the photoinduced ET process and to provide a
new biomolecular tool able to modulate ET in response to pH. In the literature, several studies

3

have reported peptide conformational switches induced by pH, both in solution®®® and on

1418 paptide conformational transitions often imply unordered structures as the point of

surfaces.
departure or arrival. Conversely, peptides consisting of C*-tetrasubstituted a-amino acids,”® such
as the one exploited in the present work, switch between stable and well defined helical
conformations. A secondary structure change may be used to control the ET properties of the
analyzed systems. However, this is a complex process, since the ET rate is influenced not only by

2225 and the molecular

the backbone structure,? but also by the length of the peptide sequence
dynamics of the system.?® Furthermore, it has been shown that the ET rate for helical peptides
depends on the direction in which it proceeds, as a result of the influence of the macrodipole
orientation of the helix,’ spin dependent effects along the helical axis,” and the type of helix."’
The effect of the dipole orientation is bigger in the a-helix than in the 310-helix conformation,
because of the alignment of the amino acid dipoles.*>*°

The effect of pH on the ET properties of peptide self-assembled monolayers (SAMs) was studied by
the group of Kimura, both in the ground state by STM measurements’’ and in photoinduced
electron transfer experiments.’® In the first contribution, they demonstrated that a a-helical
peptide is a better ET mediator than the same peptide in the 3;0-helix conformation.” In the
second contribution, the effect of pH on photocurrent generation measurements was studied on a
peptide SAM on gold surface, containing a pH sensitive dye.16 They demonstrated that it was
possible to switch the photocurrent direction by changing the pH of the solution, because of the
effect of the deprotonation of a free carboxylic group of the dye, that in turn influenced the
electric dipole along the helical axis. To our knowledge, no other study has reported the effect of
the pH on peptide SAM photocurrent generation, and specifically on the effect of a pH-induced
conformational change on photocurrent efficiency.

In a previous study, we succeeded in generating 3D supramolecular films on a gold surface able to
generate photocurrent with high efficiency, comparable to the one obtained with non-biological
systems.® The films have been engineered using different 2D layers, linked together by thymine-
adenine DNA base pair interaction. This unconventional way of creating a three dimensional

organization of molecules on surface may be applied to build artificial photosynthetic systems

able to control the position of the redox centers and the direction of the electronic flow. We
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obtained two types of photocurrent-generating films, as shown in Figure 1: Film 1 consisted of
adenine linked to lipoic acid (Lipo—A) covalently bound to the gold surface, and a zinc-
tetraphenylporphyrin chromophore (ZnTPP) linked to a thymine (T-ZnTPP). Film 2 had an
additional noncovalently linked layer: a helical undecapeptide analogue of the natural peptide
trichogin GA IV,*® in which four glycines were replaced by as many lysines to impart water

1031 The presence of Lys residues also confers pH sensitivity to the

solubility and reduce flexibility.
peptide secondary structure.’® The peptide termini were functionalized with thymine and adenine,
respectively, to enable Lipo—A and T-ZnTPP conjugation.

In this letter, we describe the effect of the pH-induced, fully reversible, conformational change on
the photocurrent generation efficiency of this system. The conformational change of this modular

system triggers a different self-assembly on the surface and different electronic conduction

properties, leading to its possible exploitation as a pH-responsive biomolecular device.

o T-Tr(Lys)-A :::_

Au " .
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Nz AN
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Figure 1. Chemical structures of the building blocks used for the construction of films 1 and 2 and effect of the pH on

the film properties.

Results and discussion

Photoconductivity, infrared reflection absorption spectroscopy (IR-RAS), ultraviolet-visible (UV-vis)
and fluorescence spectroscopy measurements were carried out for films 1 and 2 after the
formation of each layer, and for the final 3D systems in solutions at pH 4 and 11.

The CD spectrum of T-Tr(lys)-A in methanol, reported in Sl, exhibits a strong negative band at 204

nm and a weaker negative band at 222 nm, typical of right-handed helical conformations.*
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Figure 2. CD spectra of T-Tr(lys)-A in aqueous solution at different pH, c = 1.5¢10" M, | = 0.1 cm. Repeated cycles of
helix conversion were performed, in the following order: pH 3 (continuous red line), pH 11 (continuous blue line), pH

2.9 (dotted red line), pH 10.9 (dotted blue line), and pH 3 (dashed red line).

The CD profile of T-Tr(lys)-A in aqueous solution changes substantially from pH 3 to 11 (Figure 2).
At pH 3 (R value [0],2,/[0]208 = 0.4), where all four Lys side chains are protonated,‘q"q"36 the CD
profile is clearly indicative of a well developed 319-helical structure. On the other hand, at pH 11 (R
value 0.72), where all four Lys side chains are essentially deprotonated, the peptide is folded in a
fully developed a-helical structure. Usually, pH-induced peptide conformational transitions are
from helix to random coil, due to the electrostatic repulsion after Lys protonation.®’ In the present
case, however, three of the eleven residues composing the peptide are C*-tetrasubstituted Aib (a-
aminoisobutyric acid) residues, which are known to promote helical conformations, thanks to the

steric hindrance of the gem methyl groups on the a carbon 3%

As a result, the peptide does not
lose its 3D structure upon protonation, but undergoes a reversible conformational transition from

a- to 310-helix. The latter secondary structure has a rise per residue of 2 A, instead of the 1.5 A of
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the a-helix, making the charges on the Lys residues more distant, thus reducing their electrostatic
repulsion. Figure 2 highlights the intriguing phenomenon of pH controlled, reversible 31o- to a-
helix conversion (from acidic to highly basic pH values and vice versa). This result implies a
significant overall contraction (about 5.5 A) of the peptide backbone following the conformational

4041 to the shorter a-helix*? and an associated generation of a

transition from the longer 31p-helix
biomolecular spring. At this short distance, an elastic super-exchange mechanism, which is
characterized by an exponential dependence of kgt on the distance and by a strong dependence on
the overpotential,43 is likely to take place.

The pH induced conformational transition was monitored on surface by IR-RAS measurements
(Supporting Information, Figure S2 and S3). A pH-triggered conformational transition from a 31¢- to
a-helix was already observed for a similar 2D-peptide system on a gold surface.”® The FTIR-RAS
spectrum of the 3D supramolecular structure of film 2 shows the presence of amide | and amide Il
bands in the range of 1673 cm™ and 1543 cm™, respectively, confirming the presence of a peptide
layer on the surface. Furthermore, the stronger absorbance of amide | compared to amide Il and
the band positions indicate a helix conformation vertically arranged on the substrate surface.””®

From pH 4 to pH 11, the amide | band shifts toward higher wavelengths, suggesting, also on gold

surface, a conformational transition from 3o- to a-helix (Table 1).44

Table 1. IR-RAS data of film 2 in water vapor, previously stabilized in solutions at pH 4 and pH 11.

Sys Il Amide | Amide Il L/l Tilt
Angle
pH 4 1675 1542 1.8 50°
pH 11 1682 1535 11 62°

Calculations based on the amide I/amide Il absorbance ratios led to the following tilt angle of the
helix axis normal to the surface: 50° at pH 4 and 62° at pH 11. This value is generally obtained for
quite good self-assembled peptide monolayers, indicating that the T-Tr(Lys)-A peptide forms a
homogeneous film on the Lipo-A layer, despite the low peptide concentration used in the

incubation solution to avoid multi-layer formation.3*°
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The presence of all the three layers was evaluated quantitatively in a previous work.2 We
performed also control experiments by recording UV-Visible spectra before and after the
measurements in basic or acidic solutions, to check the film stability in those experimental
conditions.

We have already demonstrated that in triethanolamine (TEOA) solution, these films were able to
generate current under illumination, with a higher value for film 2 (175 nA/cm? at 430 nm) than
for film 1 (109 nA/cm? at 430 nm), despite the lower ZnTPP content.® We thus investigated the
effect of the pH on photocurrent generation. We found that upon illumination in the visible
region, in Na,SO, solution, high cathodic currents were generated. The electron acceptor in the
present system was supposed to be O, in solution, since oxygen removal produced a large
decrease in the photocurrent signal (Supporting Information, Figure S4). At the same time,
however, it has already been reported that H;O" ions may act as electron acceptors in
photocurrent generation measurements, considering their high activity from the electrochemical
point of view, with a concentration dependent potential.*® Confirming this hypothesis, a decrease
in the solution pH caused a large increase in the photocurrent intensity (Figure 3), because of the
higher concentration of H;O" electron acceptors in solution, which increases the ET kinetic. In
detail, the photocurrent intensity values at 430 nm were (660+150) nA/cm’ for film 2 and
(320+80) nA/cm? for film 1 at pH 4, while at pH 11 they became, respectively, (80+20) and (25+10)
nA/cm? (Figure 3). These values are higher than those reported for ZnTPP systems on both indium
tin oxide (ITO)* and gold* surfaces and, at pH 4, represent a quantum efficiency upon excitation
at 430 nm* of 3.3% for film 2 and 0.7% for film 1. When a negative potential was applied, the
efficiency further increased, reaching the value of 5.1% for film 2 and 1.4% for film 1 at an applied
potential of -0.3 V. These values are higher than those obtained with other porphyrin-peptide
systems covalently linked to a gold surface®® and, to our knowledge, they are the highest

photocurrent values reported so far for bio-based systems.
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Figure 3. Photocurrent signal obtained by exciting: a) film 1 at A., = 430 nm at pH 4 and pH 11 (inset: scheme of the

electron flow); b) film 2 at A., = 430 nm at pH 4 and pH 11. Applied potential 0 V vs. Ag/AgCl reference electrode.

These results confirm that the system under examination could be the active unit of highly
efficient photocurrent generation devices and demonstrate that an increase in the solution pH
decreases the photocurrent intensity of both films (because of the ET kinetics reduction caused by
the decrease in H30" acceptor concentration). However, when comparing the photocurrent
enhancement of film 2 with that of film 1 at the two pH values, we discovered that the
photocurrent improvement was higher at pH 11 (220%), than at pH 4 (106%) (Figure 4). The
photocurrent intensity of film 1 is influenced only by the ET kinetic dependence on the
concentration of H;0" and O, at the two pH values and, for this reason, it is taken as a reference.
The higher efficiency of film 2 compared to that of film 1 in generating photocurrent at pH 11
suggests that at this pH value, despite the lower H3;O" acceptor concentration and the overall
lower value of the photocurrent efficiency, there is some effect which makes film 2 much more

efficient than film 1 in generating photocurrent.
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Figure 4. Photocurrent improvement of film 2 compared to film 1 at different pH values, obtained by exciting both
films at Ao, = 430 nm, O V applied potential vs. Ag/AgCl reference electrode (inset: scheme of the electron flow

showing the different peptide conformations at the two pH values).

The reasons for the higher increase of photocurrent value obtained with film 2 compared to film 1
at pH 11 might be multi-fold. First, the trichogin analogue containing lysines [Tr(lys)] undergoes a
reversible 310-helix to a-helix conformational transition (from pH 4 to pH 11) in solution caused by
the electrostatic repulsion between the positively charged g-amino groups of the Lys residues at
pH 4. This conformational transition influences the ET rate in two different ways: first, the a-helix
is shorter than the 3ip-helix. Since the ET rate decreases with the peptide length, the a-helix
should be more efficient. Furthermore, it has been demonstrated that the a-helix is more efficient
than the 3ip-helix in ET processes, because of the alighnment of hydrogen bonds in this
conformation, compared to the distorted ones found in the 310—helix.21

Second and in contrast to that, the presence of positively charged groups may influence the
electronic transport across the peptide. Specifically, Cahen and co-workers demonstrated
experimentally that the electronic transport through protonated peptides can lead to an increase
in conduction compared to negatively or uncharged peptides, because of the decrease of the
energy of both occupied and unoccupied electronic levels.”* The same conclusion was reported by
a theoretical investigation by Tarakeshwar et al.>2 In our system, by decreasing the pH the
photocurrent value increases, confirming that protonation improves the photocurrent value; on

the other hand, the highest photocurrent difference between film 1 and 2 is obtained at pH 11.
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Since the described effects are in contrast, our results demonstrate that the effect of the
conformational transition (better ET properties of a-helix compared to 31o-helix) is predominant
on that of the charged residues.

To rationalize the better efficiency of film 2 compared to film 1, we performed absorption and
steady state fluorescence experiments on films deposited on a gold (5 nm)-coated glass slide.

The absorption spectra of film 1 and film 2 on Au/glass substrates in air in transmission mode not
only confirmed the presence of the T-ZnTPP molecule, but also provided the amount of porphyrin
molecules from the measured absorbance value.? This value was (7.0£0.5)-10"** mol/cm? for film 1
and (3.540.8)-10™™* mol/cm? for film 2 (with the peptide). Interestingly, the Soret band on the gold
surface is broadened and red-shifted by 14 nm for film 2 and 18 nm for film 1, with respect to the
corresponding spectra in methanol (Figure 5). The porphyrin Q-bands were also observed. In
general, a red shift is observed in J-aggregates of porphyrins (that is side-by-side porphyrin 7-
aggregates). However, the red shift observed on gold surface is quite small compared to the one

3121 indicating a moderate interaction among the porphyrins. In any case, film

reported in solution,
2 showed a lower batochromic shift than film 1, suggesting a higher aggregation in the latter film,

confirmed by the higher T-ZnTPP surface density.

0.05

T-ZnTPP in solution

A (nm)

Figure 5. UV-visible spectra of film 1 and 2 on Au/glass surfaces in transmission mode and of T-ZnTPP in methanol
solution.

Steady state fluorescence spectra of film 1 and 2 on Au/glass substrates in Na,SO, solution at pH 4
and 11 are shown in Figure 6. Both films exhibit the typical emission band of the ZnTPP
fluorophore, with two maxima at 612 and 654 nm, which confirms the T-ZnTPP inclusion into the

films. The fluorescence spectra on Au/glass surface are broader compared to those obtained in
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solution, and slightly red-shifted, suggesting aggregation among the porphyrins in both films.
Interestingly, the fluorescence of film 2 is higher than that of film 1. It is well known that the
porphyrin-excited singlet state is quenched by the gold electrode via energy transfer. This process
is distance-dependent and should be more efficient with film 1, in which the ZnTPP is closer to the
gold surface, giving rise to a lower fluorescence intensity. The porphyrin-excited singlet state in
solution is quenched also by the 0, and H3;0" dissolved in water and by porphyrin aggregation,
which enhances the rate of the nonradiative pathway in the excited state. The lower fluorescence
intensity of film 1 (Figure 6) could be caused by the presence of J- aggregates in this film, which
enhances the rate of the nonradiative pathway in the excited state. This conclusion is confirmed
by the higher bathochromic shift and lower mean molecular area occupied by the T-ZnTPP layer in
this film (240 A% vs. 476 A? for film 2). Non-fluorescent aggregates in general gives rise to a less
efficient photocurrent value,”® and fluorescence microscopy experiments confirmed this

hypothesis, showing wide areas of dark regions in film 1 (Supporting Information, Figures S5 and

S6).
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Figure 6. Fluorescence spectra of film 1 and film 2 on Au/glass substrate immersed in an aqueous Na,SO, solution at
pH 4 (a) and pH 11 (b) and of T-ZnTPP in methanol solution (a); Aex = 422 nm in solution and 433 nm on surface. The
spectra are normalized for the absorption value at the excitation wavelength.

Figures 6 shows that by increasing the pH, also the fluorescence intensity increases. This is caused
by the lower number of H;0" electron acceptors in solution, which reduces the electron transfer
guenching kinetics. This can be seen also in film 1, where no pH effect on the components is
expected. However, the steady-state fluorescence enhancement of film 2 relative to film 1 is lower

at pH 11 (66%) compared to that observed at pH 4 (75%), as shown in Figure 6. This confirms that

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202004527

at pH 11, film 2 is much more efficient than film 1 in generating photocurrent. Since the only
difference between the two systems is the presence of the peptide, this result suggests that the
conformational change induced by the pH makes the a-helix more efficient that the 3,0-helix in

generating the photocurrent.
Conclusions

The results reported in the present work indicate that pH affects the photocurrent generation
process in an effective and simple way, providing a means by which to engineer complex modular
supramolecular SAMs able to convert incident light to electronic current, which may find
application in photodynamic therapy. This mechanism can be even more effective in an acidic
environment, which is in general the chemical condition of tissues in many pathologies, and
provide further insight on the influence of the peptide secondary structure on the photocurrent

generation efficiency.
Experimental Section

Materials. Spectrograde solvents (Carlo Erba) were exclusively used. Water was distilled and passed
through a Milli-Q purification system. Other chemicals, triethanolamine (TEOA) (Fluka), potassium chloride
(Carlo Erba), sodium sulphate (Carlo Erba), potassium ferricyanide (Aldrich) and potassium hydroxide
(Aldrich) were all of reagent grade quality and used without further purification.

Gold Substrates. Gold foil electrodes of 0.05 mm thickness were bought from Sigma-Aldrich and used for
electrochemical measurements. Transparent glass coated with a 5-nm thick Au layer were Nanocs products
and used for steady state, time resolved and microscopy fluorescence measurements.

Preparation of Self-assembled Peptide Thin Films. Gold electrodes were etched for 15 min in a freshly
prepared piranha solution (2:1 sulphuric acid/H,0,, v/v), rinsed with bidistilled water and ethanol before
immersion in the peptide solution for the SAM deposition. SAM-coated electrodes were prepared by
dipping two cleaned gold electrode into an 1 mM methanol solution of Lipo-adenine in a N, atmosphere.
After 24 h, the electrodes were repeatedly (five times) rinsed with methanol to remove physically adsorbed
molecules from the SAM, and immersed into: a 10 uM peptide solution for film 2 and a 0.1 mM T-ZnTPP
solution for film 1. After 24 h, the electrode containing film 1 (Au/Lipo-AeeeT-ZNTPP) was dried for 3 min
under a gentle argon flow and was ready to be used, while the second electrode was let into the T-Tr(Lys)-
A solution for 48 h. After this time, it was dipped into a 0.1 mM solution of T-ZnTPP in a N, atmosphere, in
order to obtain the three layer system. Subsequent to 24 h, the electrode containing film 2 (Au/Lipo-AeeeT-

Tr(Lys)-A eeeT-ZNTPP) was dried for 3 min under a gentle argon flow and was ready to be used.
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Methods. Electrochemistry. Cyclic voltammograms (CVs) were obtained by using a PG 310 potentiostat
(Heka Elektronik). CV experiments were carried out at room temperature, adopting a standard three-
electrode configuration with a SAM-coated gold electrode as the working electrode, a platinum wire as the
auxiliary electrode, and Ag/AgCl as the reference electrode. Experiments to determine the surface area of
Au gold foil electrodes were carried out with a 0.5 mM K;Fe(CN)g solution in 1 M KCI at a sweep rate of 50
mV-s '. Photocurrent measurements were carried out at room temperature using the three-electrode set-
up described above, by using Na,SO, (0.1 M) as supporting electrolyte. In this experiment, the SAM-
modified electrode was irradiated with a Xe lamp (150 W) equipped with a monochromator and the
generated photocurrent was detected by the voltammetric analyzer described above. The incident photon-
to-current efficiency (IPCE) has been determined by using the following equation:®

100-i(A/cm?)-1240

IPCE (%)= I(W /cm?)- A(nm)

where i is the measured photocurrent, / is the incident light power density, and A is the incident wavelength
(340 nm). The intensity of the incident light was evaluated with a Vector H410 Power Meter (Scientech,

USA) and the yields of photocurrent generation were obtained using the following equation:’

l
e

¢ =77
W2 (1-10-4)

where [=We) /hec, is the number of photons per unit area and unit time, i is the photocurrent density, e is
the elementary charge, A the wavelength of light irradiation, A the absorbance of the adsorbed dyes at 2,
W the light power irradiated at A, c the velocity of light, and h the Planck constant.

The solution pH was modified by adding HCl 3M and NaOH 3M solutions and measuring the value with a pH
meter.

UV-Visible absorption measurements. UV-Visible absorption measurements were carried out on a Varian
Cary 100 Scan spectrophotometer (Middelburg, The Netherlands) at room temperature. The nude
substrate has been used as baseline.

Steady-state Fluorescence. Steady-state fluorescence experiments were carried out on a Fluoromax-4
spectrofluorimeter (Jobin-Yvon) operating in the single-photon counting mode. For the fluorescence
measurements, the peptide SAMs were immobilized on a transparent glass coated with a 5-nm thick Au
layer. The glass was mounted on a solid sample holder and the signal detected at 45°. The tilt angle
between the light source and the detector has been optimized in order to maximize the signal/noise ratio.
The measurements in solution have been performed by inserting the surface into a quartz cuvette, filled
with the Na,SO, (0.1 M) solution, taking care of maintaining the tilt angle of 45° between the light source
and the detector, and operating in transmission mode. The pH was changed by adding HCl and NaOH

solutions.
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Circular Dichroism. CD spectra were recorded using a J600 spectropolarimeter from Jasco (Tokyo, Japan).
The temperature was controlled at 25 £ 0.1 °C with a thermostatted cuvette holder. The reported CD
signals were normalized with respect to peptide molar concentrations. CD. The pH switch tests were carried
out starting from 3 mL of a stock solution at 10* M concentration in water. Before each analysis, the pH
was measured using a pH meter. For each test exactly 300 uL were inserted into the CD cuvette (optical
path 1mm) and, at the end, all the contents of the cuvette were carefully extracted and put back into the
mother solution where a few microliters of the aqueous solutions of HClI 3M or NaOH 3M were added. This
method allows to test the reversibility of the structural interconversion mediated by the pH: without
working in the same solution one could only say that the peptide assumes that type of conformation at a
certain pH and not that the peptide actually has the ability to change reversibly conformation.

The curves have been normalized for the concentration, thus removing the error caused by the loss of
solution due to the transfers and the addition of the acid and base solutions.

Fourier transform infrared reflection-absorption spectroscopy (FTIR-RAS). FTIR-RAS experiments were
performed by using a Thermo-Scientific (mod. Is50) instrument (Thermo Scientific Inc., Madison, WI, USA),
with a VeemaxTM Il Variable Angle reflectance Accessory (Pike Technologies, Madison, WI, USA) and a
mercury-cadmium-telluride (MCT) detector. Moreover, a polarized incident beam at an incidence angle of
80° with respect to the sample surfaces was used. A total of 516 scans, with a resolution of 2 cm™?, were
collected for each sample. The pH experiments have been performed by immersing the films on gold
surface into a basic or acid solution for five minutes, then they have been dried with an argon flow and

finally they have been measured at controlled water vapor.

ASSOCIATED CONTENT

Circular dichroism spectrum of T-Tr(lys)-A in methanol, IR-RAS spectra of the two films,
photocurrent signal after oxygen removal, fluorescence spectra of the two films on the surface by
changing the solution pH, fluorescence microscopy images of the two films on surface, synthesis of
all the building blocks and their HPLC and NMR characterization, TEM images of the fibers formed

by T-Tr(lys)-A in acetonitrile. This material is available free of charge.
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Film2 [pH 4, 3 helix) ¥+ + +

A supramolecular peptide-based bio-inspired systems have been built on gold surface. The effect
of pH on the peptide conformation and on the ability of the film to generate photocurrent was
investigated. In particular, at low pH the photon to current conversion efficiency obtained, is the

highest value recorded so far with biomolecular systems.
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