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Within recent years, the use of non-ionizing Terahertz (THz) radiation has found wide applications in the 
investigation of biological  matter1–5, e.g., via THz-spectroscopy of protein  solutions6–8 or THz-based imaging 
of so�  tissue9, allowing, due to its sensitivity to the dielectric properties, e.g., non-invasive diagnostics and pos-
sible treatment of skin  cancer10–12. Despite the widened use of THz-radiation, its biological effect is still a topic 
of recent  research3,5,12–14.

�e possible influence of THz radiation on biological matter can be divided into thermal and non-thermal 
 effects1,5. Due to the strong absorption of THz radiation in water, local heating is the major source for structural 
changes induced in biological materials when using strong THz sources (for power densities of more than several 
W/cm2)1. While these conventional thermal effects were studied in greater detail for organisms, tissues, cells 
and biological macromolecules, the role and impact of the proposed non-thermal effects is rather unexplored 
and  controversial13.

Based on the mechanism originally proposed by Fröhlich16–18, it is claimed that radiation from the THz 
part of the electromagnetic spectrum can induce direct coherent excitations within biological macromolecules 
by coupling to their dipole moments. If the externally supplied energy (e.g. by THz-radiation) to a system of 
coupled oscillators within a surrounding heat bath (e.g. biological macromolecules in solution) is sufficient, a 
driven collection of these vibrational oscillators could achieve a highly ordered out-of-equilibrium state, an effect 
called the Fröhlich  condensation19–22.

In this coherent state, nearly all vibrational energy is concentrated in the collective motions such that all 
degrees of freedom of the system oscillate mainly with the same, lowest frequency. As argued by Reimers et al.19, 
in biological systems only so-called weak Fröhlich condensation should be feasible. In this case the coupling 
between the oscillators is weak or even absent, leading to weak incoherent condensates within the biological 
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 macromolecules19. Even for this weak condensate scenario, however, profound effects on chemical kinetics might 
be possible. Whether strong, coherent or weak Fröhlich condensation or any such excitations exist in biological 
systems remains still a matter of debate and subject of  research13.

In several spectroscopic  studies23–27, such out-of-equilibrium movements for biological macromolecules 
have been modelled by large scale vibrational modes. �ese exhibit theoretical resonance frequencies in the 
range of 0.3–6.0 THz. Following Fröhlich’s theory, external electromagnetic radiation in the THz-range might 
therefore excite such collective motions. �ese types of THz excitations could lead to structural changes of the 
proteins with the magnitude of several Angströms, if such a mechanism exists, and in turn might lead to shi�s 
of chemical equilibria.

Several studies have recently been focussed on monitoring structural changes of biological macromolecules 
induced by THz-radiation using different experimental  techniques22,28–34. Most of these studies, however, only 
indirectly probed the possibility of such conformational transitions, e.g., by spectroscopic  methods22,28,33, or 
a�er long exposure times of several minutes by observing aggregate formation or disassembly via fluorescence 
 microscopy30,32,34, while a direct demonstration of THz-induced excitations of global domain movements is still 
missing.

Recently, X-ray crystallography revealed THz-induced non-thermal changes in the structure of the proteins 
lysozyme and  trypsin29,31. �e observed changes were small and not global, but the structural dynamics of native 
protein molecules in solution is expected to be different from these within the crystal.

In the present work we study the presence or absence of THz-induced structural changes of biological macro-
molecules in solution. Using small angle X-ray scattering (SAXS) one can probe the solution structure of particles 
at the nanometre scale. SAXS is particularly sensitive to the overall shape of proteins and changes of the global 
structure as induced by external  perturbations35–37, such as  temperature38,  pressure39 or light  triggering40. Using 
SAXS allows one to probe the existence of THz-induced global structural changes and, in particular, movements 
of large protein domains as well as shi�s of equilibria between different states.

Here, we investigate a set of selected biological macromolecules, which have been proposed to be susceptible 
to THz-radiation. We chose bovine serum albumin (BSA), a protein frequently used in SAXS studies, which was 
predicted to be affected by THz-radiation and was in the focus of previous  studies22,28,41. As another protein sys-
tem we studied microtubules (MT), which have been frequently suggested to exhibit Fröhlich  condensation42–44.

Combined THz-SAXS experiments have been performed in several experimental sessions in order to exten-
sively repeat and optimize the measurements. To this end, we have developed a dedicated microfluidic sample 
environment which was specifically designed for combined THz-SAXS  studies45. Figure 1 displays a schematic 
drawing of the experimental design. To probe the effect of different THz-spectra, two types of THz sources were 
used: (1) An antenna-based source with fixed frequency at 0.5 THz and a power density of Φ = 6.5 mW/cm2. 
(2) A laser based broad-band source with Φ = 0.8 mW/cm2. �e THz sources used have a relatively low power 
density compared to other custom-made sources, which results in a small THz radiation dose, in order to reduce 
the probability for thermal induced effects within the protein  solution1,13. Moreover, both sources used in this 
study can be integrated easily to the SAXS setup.

Our results demonstrate that there are no large-scale changes of the structure for the selected proteins studied 
with the dedicated setup and relatively low power densities. In particular, under none of the THz conditions 
probed, we observed any changes in the scattering patterns that could reveal collective motions of (sub-)domains. 
�is indicates that possible THz-induced changes in molecular structures have to be considered as local and/or 
relatively small, not affecting the overall, global protein structure under the studied conditions.

Figure 1.  Schematic drawing of the THz-SAXS experiment on protein solutions. �e monochromatic 
X-ray beam (purple arrow) is scattered from the protein solution (blue) flown through a microfluidic cell. 
Perpendicular to the X-ray beam path and to the flow direction, the solution is irradiated with THz-radiation. 
THz source I provides the exposure from one side (light green), while source II allows irradiation from both 
sides (dark green). Two-dimensional SAXS patterns are recorded by a PILATUS 6 M detector (zoom to the 
central part of the 2D detector image is shown).
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BSA is a well characterized protein, frequently 
used in SAXS studies and known to be in a monomer–dimer equilibrium in  solution38,46. THz absorption spec-
tra of solvated BSA show no distinct spectral features, but a dense overlapping spectrum of vibrational modes, 
which is directly coupled to the protein  structure23. �is suggests that a wide range of THz-frequencies rather 
than specific wavelengths may initiate structural changes within BSA.

Previous studies reported conformational changes of lyophilized BSA a�er THz irradiation for several minutes 
of up to 150 min, as reasoned from optical spectroscopy  data28. More recently, experimental  spectroscopic22 and 
 theoretical41 studies suggested BSA as a potent target for THz-induced structural changes. Besides these, changes 
of the monomer–dimer equilibrium by THz-radiation appears possible as the induced oscillator modes could 
lead to a dissociation of the BSA dimers in solution. An opposite effect, possible enhanced aggregation of BSA 
induced by THz-irradiation, similar to, e.g., actin filament formation showing an enhanced polymerization rate 
a�er 20 min of THz-exposure30, should also be detectable by SAXS.

�ese THz-SAXS measurements were performed utilizing different experimental variables to directly probe 
the effect of THz-radiation on BSA in solution. Figure 2 summarizes the results for a BSA solution (concentration 
c = 5.8 mg/mL) exposed to THz-radiation of nominal power density of Φ = 6.5 mW/cm2 at 0.5 THz of THz source 
I, that results in a deposited energy of ca.75 µJ (see “Methods” for experimental details). For a set of several runs 
of data collections (each run composed of 250 individual frames), the samples were studied at three different 
THz states: without THz irradiation (‘THz off ’), with full THz irradiation (‘THz on’) and with THz radiation 
switched off and on between adjacent frames (‘THz alternating off & on’).

Figure 2.  THz-SAXS data for a BSA solution (c = 5.8 mg/mL) at a nominal power density of Φ = 6.5 mW/cm2 
at 0.5 THz (THz source I). a) Single SAXS curves (exposure time: 0.2 s) out of a sequence of 250 frames without 
(‘THz off ’), with (‘THz on’) and for alternating (‘THz alt. off/on’) THz irradiation. Dashed lines: Fits with an 
oligomeric mixture of BSA monomers and dimers (obtained with OLIGOMER). All curves were shi�ed along 
the logarithmic axis for clarity. (b) Radius of gyration  Rg determined for a sequence of SAXS frames under 
different THz-irradiation. Dashed line: average  Rg for ‘THz off ’ measurements. (c) Normalized histograms of 
the  Rg-distribution. Solid lines: Gaussian fits. (d) Difference of the average radius of gyration ΔRg between THz 
on- and off -states for several measurements. For alternating radiation, the respective adjacent on/off frames 
were used. For comparison: Size of the first hydration layer surrounding proteins in solution (dashed line).
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Figure 2a depicts exemplary individual SAXS intensity curves I(s) of one collection run for all four types of 
conditions. �e wave vector reads s = 4π/λ sin(θ), where λ denotes the X-ray wavelength and 2θ the scattering 
angle.

Apparently, THz exposure of Φ = 6.5 mW/cm2 has no substantial effect on the curves, as all SAXS profiles 
exhibit an identical shape (Fig. 2a). �is is also reflected when fitting the experimental data by an equilibrium 
mixture of monomers and dimers (OLIGOMER fit using high resolution models, see “Methods” for details). �e 
whole data set can be well described with this model, that yields volume fractions of the BSA monomer in the 
range of �

m
 = (0.85 ± 0.01). �is shows that under all conditions studied, the collected data are well described by 

a mixture of monomers and dimers with fixed ratio.
As no clear changes induced by 0.5 THz-radiation could be observed in the scattering patterns, a more 

detailed analysis was applied to quantify whether weak or transient perturbations are present. �erefore, the 
radius of gyration Rg, which quantifies the effective size of the protein, was determined following the Guinier 

approximation for small s35,47, I(s) ≈ I(0) exp

(

−
s2R2

g

3

)

. Here, I(0) denotes the forward scattering. Employing the 

Guinier approximation, Rg serves as a probe of global changes of the protein structure from the lowest angles of 
the SAXS profile (s < 1.3/Rg).

Figure 2b) shows the radius of gyration Rg extracted for each individual frame n for the different states of 
THz exposure. Besides the frame-to-frame variations within a single run, a very weak increase of Rg for the 
THz on-state is present (compared with the mean Rg

off, dashed line), which seems to disappear upon switching 
off the radiation. When looking on the respective radius of gyration histograms (Fig. 2c), a maximum of the 
normalized Rg-distribution for the off-state is at <Roff

g
>  = 2.71 nm, which for the on-state is slightly increased, 

<Ron
g

 >  = 2.73 nm. �e value changes back close to the initial Rg upon switching off the THz-radiation. �e width 
of the Rg-distribution (Fig. 2c) does not change indicating that the sample homogeneity is not influenced by THz.

However, the differences ΔRg = <Ron
g

 > – <Roff
g

  > between on and off-state are extremely tiny (~ 20 pm) and are, 
for example, smaller than the size of the first hydration shell of proteins dHyd = 0.3  nm48 (Fig. 2d). For alternat-
ing irradiation, which is performed to rule out any systematic changes between two collection runs, there is no 
change of the effective size. Note that for these, pairs of adjacent on/off frames were used. �is suggests that there 
are either no THz-induced changes or that the very weak changes are still present in the off-state, with a lifetime 
of more than 200 ms, the exposure time for a single frame. Similar observations hold for the other parameters 
determined, i.e., the monomer volume fraction �

m
 and the discrepancy �2

n,n+1
 (see also §SI-1).

To further explore, whether THz-radiation in a different frequency range can induce structural changes for 
BSA, we used a different THz-source and performed THz-SAXS measurements in several experimental runs. 
�is THz source II creates pulses at 100 MHz repetition rate of a broad spectral range (0.1–6.0 THz), with an 
averaged power density of Φ = 0.8 mW/cm2 and a deposed energy of ~ 10 µJ. For this setup, the data collection 
strategy was modified: instead of long collection runs of several hundred individual frames, a short collection 
of 50 frames was recorded and directly averaged.

Figure 3a shows representative SAXS curves for BSA solutions of different concentrations collected during 
several experimental sessions using THz source II. For a concentration c = 5.3 mg/mL, which closely matches the 

Figure 3.  THz-SAXS data for BSA solutions of different concentrations exposed to an average nominal power 
density of 0.8 mW/cm2 (THz source II). (a) SAXS profiles and OLIGOMER fits. Data for c  =  5.3 mg/mL were 
collected in different experimental sessions. �e displayed curves are shi�ed along the logarithmic axis. (b) 
Radius of gyration for different repeated data collections. Different symbols mark different sample batches.
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concentration used with THz source I (data above), the radius of gyration of the on-state is again only slightly 
larger than for the off-state (Fig. 3b). Using a different batch of the same sample, a similar effect is present, 
however, the Rg-variation between the two batches is actually higher than the very weak changes observed for 
THz-irradiation. A similar effect is observed for the monomer fraction (see SI-Fig. 3). �is suggests that also a dif-
ferent THz-spectrum does not have any visible effects on the structure or oligomeric equilibrium mixture of BSA.

In order to test if the protein concentration has any effect on the THz interaction, BSA solutions of a lower 
(c = 2.5 mg/mL) and higher (c = 10.9 mg/mL) concentration were studied. As the absorption of THz radiation is 
predominantly due to  water49, increasing the protein concentration actually reduces the absorption  losses23,50 and 
should, in principle, allow to excite a larger number of protein molecules. Furthermore, following the Fröhlich 
theory, one can speculate that changing the particle number density might have an influence on the coupling 
within the Fröhlich condensate as well.

While changing the concentration does have an influence on the radius of gyration (Fig. 3b; ~ 0.2 nm) and 
the monomer fraction (SI-Fig. 3c), there is no difference for THz-exposure of more than 0.05 nm. For all con-
centrations studied, the SAXS profiles can be described as a monomer–dimer mixture (Fig. 3a). We attribute 
the slightly smaller Rg for the highest BSA concentration to the presence of a weak structure factor contribution 
due to the repulsive interparticle interactions, an observation common for concentrated protein  solutions38,51. 
For smaller concentrations (c = 2.5 mg/mL), the Rg-values of different runs show variations, but do not reveal 
any clear dependence on THz-radiation.

To give an estimate for the maximum extent of the changes for BSA in solution based on the experimental 
SAXS data, the average relative difference of the radius of gyration, < ΔRg/Rg>  =  <(Ron

g
—Roff

g
)/Roff

g
>, and the aver-

age ratio of monomer volume fraction for ‘on’ and ‘off ’ conditions, < �on
m
∕�off

m
>, were computed. Figure 4 depicts 

these parameters under the different experimental conditions varied in this study, summarizing the THz-SAXS 
results for the BSA solutions.

For the power density and THz-spectra achievable with the two sources used, no significant changes are 
observed. For THz source I (Φ = 6.5 mW/cm2), a very small change of < ΔRg/Rg>  = (0.8 ± 0.3) % can be found. 
For alternating irradiation, using adjacent frames, there is no change of the effective size. For THz source II 
(Φ = 0.8 mW/cm2), changes of protein size are even smaller than for source I. A direct correlation to the THz 
power density cannot be made due to the weakness of the effect. �e average monomer ratio < �

on

m
∕�off

m
> is 

also nearly unchanged for both setups (Fig. 4b). Similar to the intensity and frequency range of the THz source, 
variation of the protein concentration did not lead to changes of the measured parameters by exceeding 1% 
(Fig. 4c, d). No detectable changes were further found for the data collected from BSA samples, which have been 
pre-exposed as powders and then dissolved for SAXS measurements (see §SI-2).

Figure 4.  Structural parameters of BSA under THz-irradiation. (a) Average ΔRg/Rg as a function of the 
nominal radiation power density Φ (for a protein concentration c ≈ 5 mg/mL). Deviations of ± 1% are marked 
by bold dashed lines. (b) Average monomer fraction νon

m
∕νoff

m
 as a function of Φ. �e ratio of ‘1’ is marked by 

bold dashed lines (c) < ΔRg/Rg > and (d) <νon
m
∕νoff

m
 > for different protein concentrations.
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MT is a protein system of very different morphology from BSA solu-
tions, and MTs were frequently postulated and studied to exhibit Fröhlich  condensation42–44. MT are tubular 
protein complexes of tubulin and a major component of the eukaryotic cytoskeleton, involved in a range of 
functions including intracellular trafficking, cell division, and the establishment and maintenance of cell  shape52. 
MT are hollow protein nanotubes, comprised of globular dimeric tubulin subunits aligned end-to-end to form 
linear protofilaments, which interact laterally to form a hollow MT cylinder of up to micron-length53. Due to 
this cylindrical assembly of polar subunits, there have been several speculations in the past, that MTs could serve 
as waveguides or cylindrical resonators for electro-magnetic  radiation42,54,55. Especially thanks to their relatively 
high  elasticity56, coupling of radiation might induce longitudinal vibrations in  MTs42,43.

�eoretical computations suggested that MTs can exhibit vibrations within the MHz–GHz  range43,44, and 
experimental observations were reported that electro-magnetic radiation in this range can actually lead to MT 
self-assembly57, and recently also disassembly was  found34. While MHz excitation would refer to a large-scale 
excitation of the entire, micro-sized MT, additional excitation on shorter length scales, in particular in the THz-
regime, have also been proposed to be  possible42,57.

�e presence of longitudinal vibrational waves might induce structural variations across the MT compared 
to the non-excited state. Furthermore, such excitations could affect the equilibrium between MT singlets and 
multiplets, e.g. doublets. To probe if global structural changes can be excited, we performed THz-SAXS meas-
urements on MT solutions in two independent experimental sessions. THz source II was used with a one-beam 
configuration, in which only one emitter was used (Φ = 0.4 mW/cm2, one sided irradiation similar to THz 
source I) and a two-beam configuration, with two emitters doubling up the power densities to Φ = 0.8 mW/cm2 
by irradiation from both sides.

Figure 5 presents the THz-SAXS results obtained for MT at two different THz powers collected within two 
separate experiments using different sample batches. �e SAXS profiles of MT reflect the shape of elongated 
hollow  cylinders53,58–60, with an average inner diameter Ri = 8.4 nm and a wall thickness t = 4.8 nm (see §SI-3for 
details). �e sample preparation followed the complex protocols (“Methods”), and MTs in different states of 
bundling were present in the two experiments.

Structural information on MTs is retrieved by analysing the corresponding distance distribution functions p(r) 
computed by an indirect Fourier transform of the scattering curve and yielding a real-space representation of the 
MT structure (Fig. 5c; see “Methods” for details). Here, two characteristic features are highlighted, one maximum 
at r = 28 nm and another at r = 50 nm. �e first maximum can be attributed to the effective cross-section diameter 
of the hollow singlet tubes, while the second one appears to reflect the presence of two associated MTs which are 
in close contact (MT doublets in Fig. 5b). In particular, the doublet contribution is lower for the second batch 
studied (Φ = 0.8 mW/cm2 data set). Due to the limited resolution of the experiment for very small angles, the 
total size of the MTs cannot be determined. �e maximum size Dmax is therefore only reflecting the accessible 
s-range and not to be mistaken with the total MT length, which can be above 1 µm53,60.

When exposed to THz-radiation, there are no visible differences in the SAXS curves for Φ = 0.4 mW/cm2 
(Fig. 5a), neither on the position of the minima, reflecting the MT diameter, nor in the decay at small s, being 
sensitive to the stiffness of the rod-like protein assembly. �is can be also seen when comparing the p(r) functions, 
which are fully overlapping. Especially the position of both maxima is unaffected (Fig. 5c), implying neither a 
change in the diameter nor any dissociation of doublets by THz.

For the experiment using an increased source power density, Φ = 0.8 mW/cm2, and a different batch, only 
a limited number of data points could be collected (2 × off; 1 × on). Although the p(r) functions exhibit some 
changes between off- and on-state, differences are also present between both ‘THz off ’ data. �is indicates that 
for MT other factors, e.g., sample inhomogeneity, rather than THz-induced conformation changes are influenc-
ing the SAXS pattern. Given the limited data, no specific THz-effect (thermal or non-thermal) can be reliably 
detected. It should be noted that the position of the first maximum is unaffected by THz influence, implying that 
also under this condition the MT diameter changes are less than 0.1 nm (Fig. 5d).

From the limited data sets collected on MTs, no indications are observed that THz radiation affects their 
structure in terms of size or dissociation of multiplets on the nanometre scale, which should have been visible 
by SAXS. Given the high symmetry of MTs, any excitation and resulting, even weak, changes should have been 
reflected by a change in the singlet and doublet diameters and thus in the position of the pronounced first minima 
of I(s). As the MT diameter is not visibly changing upon exposure, this suggests that any THz-induced structural 
changes are less than 0.1 nm for the given experimental parameters and low power densities, which is smaller 
than the first water hydration shell.

�e aim of the combined THz-SAXS experiments was to validate the existence of THz-induced global structural 
changes in biological macromolecules for different sample systems under various experimental parameters. To 
fulfil all requirements for a combined THz-SAXS experiment, we developed a dedicated setup employing a novel 
microfluidic sample  cell45. Our study reveals that THz-radiation for low nominal power densities of 6.8 mW/
cm2 at 0.5 THz and 0.8 mW/cm2 from 0.1 to 5.0 THz does not lead to any large-scale structural changes larger 
than 0.3 nm, the size of the first water hydration layer, in the protein systems investigated. �e detailed data 
analysis confirms that there are (a) no changes of the structure or monomer–dimer composition for BSA either 
for irradiated solutions or powders (see §SI-2) (maximum observed size change is 0.02 nm), and (b) no changes 
of the diameter and assembly for MTs (less than 0.1 nm). Below we compare our experimental conditions with 
those of previous studies, which suggested the presence of such thermal and non-thermal excitations and, in 
particular, of Fröhlich condensation.
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We chose the two sample systems studied for two reasons: (1) Both systems have previously been well charac-
terized by SAXS so that even weak structural changes can be distinguished. (2) Both systems have been proposed 
to be susceptible to non-thermal THz-induced changes and Fröhlich condensation. Because of the different 
shape morphology, both protein systems could be considered as representatives of different structural classes.

In a recent theoretical study, Zhang et al. gave an estimate on the expected power needed to excite Fröhlich 
condensates for MT, BSA and  lysozyme41. Based on their calculations, BSA (and lysozyme) would be better 
candidates than MTs to observe Fröhlich condensation as the excitation of MTs’ longitudinal modes would 
require a higher pumping power. For achieving a condensate ratio of 50% for BSA, the authors considered THz-
radiation of 400 µm wavelength (frequency: 0.75 THz) demanding a power of 8 W, which is more than three 
orders of magnitude larger than the power reached with our THz-sources. For such high THz powers, however, 
thermal effects are expected to dominate any non-thermal  effects13. �e estimated temperature increases for the 
THz sources used by us is 120 mK, assuming complete THz-absorption and thermalization in water. �is is an 
insignificant change for the protein solutions at ambient conditions, as for instance for BSA Rg is unchanged 
until 40 °C38, ruling out thermal effects using weak THz sources.

An important parameter is the time-scale for probing the system. An exposure time in the range of 
texp = 50–200 ms was chosen for collecting single SAXS curves, and the dwell time of the flowing sample in the 
THz spot was ~ 0.4 s. �is duration is larger than the lifetime of micro- to millisecond scale reported by Lund-
holm et al.29, who probed changes on the atomic scale, however much shorter than minutes and even hours on 
which other changes have been  reported22,28,30,34. �us, while our choice of the data collection strategy resulted 

Figure 5.  THz-SAXS measurements on microtubules. (a) SAXS profiles from exposed and non-exposed 
samples. Data have been collected in two independent beamtime sessions using different THz power densities. 
Dashed lines: GNOM fits. (b) Approximate structural models using dummy beads to compute the SAXS signal 
for singlet and doublets build using the ATSAS program BODIES (beads do not represent tubulin subunits). 
(c) Pair-distance distribution function p(r) computed from the SAXS curves displayed in (a) determined with 
GNOM. Characteristic features due to the structure of singlet and doublet are marked by a dot (singlet) and a 
diamond (doublet). (d) Effect of THz-exposure on the effective singlet and doublet diameter. �e dashed line 
separates different sample preparation, e.g., different protein concentrations. Different symbols mark different 
MT batches.
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in a rather low total amount of THz energy deposited into the samples, it was aimed at ensuring the collection 
of high quality SAXS curves within several repeats reducing X-ray induced radiation damage by sample flow.

�is SAXS study is, to our knowledge, the first one that aimed to directly probe global changes of the solu-
tion structure of biological macromolecules by THz-radiation on the nanoscale. �e experimental parameters 
covered a broad range of conditions and for none of these did we observe THz-induced structural changes of 
the biological macromolecules. If there are any THz-induced changes in the samples at these specific conditions, 
they must be small (sub-nm scale).

�is proposal on the absence of strong large-scale excitations is consistent with the results from some experi-
mental THz-based studies. In particular, in the crystallographic study on lysozyme, slight changes in the electron 
density of a single helix by THz-radiation were  observed29, while for trypsin crystals an increase of the anisotropy 
of atomic displacements for neighbouring residues was  reported31. �e structural changes observed for lyophi-
lized BSA powders a�er long-time THz-exposure have been determined only indirectly by optical  spectroscopy28, 
which is only probing local protein structure.

SAXS profiles computed from the crystallographic structures of  lysozyme29 and  trypsin31 crystals exposed to 
THz-radiation revealed no visible changes in a wide angular range (see §SI-4). �is shows that the non-thermal 
changes of the structure of proteins induced by THz irradiation may be very weak not resulting in large scale 
alternations.

�e case of Fröhlich condensation within MT has been matter of long-time dispute, in particular because of 
the prominent role of MT for the cell architecture. While there have been claims on the existence on long-lived, 
low-frequency exited  states42,43, other theoretical considerations suggested that the lifetime due to damping 
is too short to allow for collective vibrational  processes61. A recent molecular dynamic study determined the 
vibrational properties of MT to be similar to those of other globular proteins and thus suggested that MT are 
actually unlikely candidates for Fröhlich  condensates62. Only just now, Hough et al. reported the disassembly of 
 MTs34, by using more intense THz pulses (up to Φ = 68 mW/cm2, peak electric field Epeak = 409 kV/cm) than in 
our work (Φ = 0.8 mW/cm2, Epeak = 18 kV/cm). A�er exposing MT samples to THz radiation for several minutes 
to 1 h, the authors find dose (and possible frequency) dependent MT disassembly, which could not be explained 
by heating or shockwave  formation32, but suggest a coupling to the dynamics of the MT structure. In our present 
study, using lower THz densities and probing shorter time scales, we do not find any structural changes, neither 
on single MT (singlet) nor on the associates (doublet). In particular, we do not find any THz-response of MT 
or BSA on the nanometre-scale, despite their different shape morphology. Based on our findings and recent 
ones from  others32,34,41, using higher power densities but still avoiding thermal heating of the samples appears 
as the only sufficient way to determine in which way THz-radiation might induce any non-thermal microscopic 
structural changes.

Summarizing, our extensive combined THz-SAXS study documents that the effect of THz radiation of 
0.5 THz and 0.1–5.0 THz and of rather small nominal power densities of 6.8 mW/cm2 and 0.8 mW/cm2, respec-
tively, on biological macromolecules appears to be below the detection limit of SAXS. �ere has been no apparent 
structural response from two protein systems expected to show THz-induced changes, BSA and MT. �is sets a 
lower limit for future experiments on exploring the existence of long-range Fröhlich condensation or any other 
non-thermal effects for proteins in solution; in particular, we did not find indications for any collective domain 
motions which would have manifested themselves at these length scales.

BSA, lyophilized powder, crystallized, > 98%, was purchased from Sigma-Aldrich 
and used without further purification. Protein samples were freshly prepared prior to the SAXS measurements. 
BSA powder was dissolved in a buffer of 25 mM HEPES, 50 mM NaCl, and 3% v/v glycerol, pH 7. Final concen-
trations were determined by UV absorption using a NanoDrop spectrophotometer.

MTs: Porcine tubulin was purified from the fresh porcine brain according to the published  protocol63. For 
the measurements, the MT were polymerized from purified tubulin (7 mg/mL) by incubation at 37 °C for 
10–20 min using 1 mM GTP in buffer consisting of 100 mM Pipes of pH 6.9, 1 mM  MgCl2, 1 mM EGTA, and 
1 mM dithiothreitol. For the initial measurement shown here, we have used Taxol stabilization by adding 10 μM 
Taxol, respectively.

For the combined THz-SAXS experiments, a dedicated 3D-printable microfluidic cell was 
designed. In short, the cell design was chosen to allow for sample flow of small amounts of dilute, radiation-
sensitive protein solutions, to be transparent for THz-radiation to excite these solutions and to allow for col-
lection of high quality SAXS patterns. To achieve this, non-polar polystyrene (PS) was used as the cell wall 
material is transparent to THz-radiation. �e beam paths of the THz and the X-ray beam are perpendicular to 
each other and to the direction of sample flow within the microfluidic channel. An asymmetric profile of this 
channel (thickness dTHz = 0.25 mm (THz beam path) × dX-ray = 2 mm (X-ray beam path) accounts for the differ-
ent absorption length of THz and X-ray radiation, respectively, and therefore yields optimum excitation and 
scattering conditions. �e THz absorption length for PS is αPS = 2.21  cm−1 and that of water αH2O = 220  cm−149, 
which results in a ~ 72% transmission of the first PS window, while the THz radiation is close to be completely 
absorbed within the thin channel when filled with protein solution (see §SI-5). �e possibility of measuring the 
THz-transmission through this cell ensures a proper alignment of the microfluidic channel to the X-ray beam 
such that the same portion of the sample is irradiated by THz and probed by SAXS. Further details on the micro-
fluidic cell can be found in Ref.45.

Two THz-sources with different parameters were used to study the level of excitation:
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Source I generates THz radiation by an amplifier/frequency multiplier chain (X32 stage AMC, Virginia Diodes 
Inc., Charlottesville, VA, USA), which is driven by a MG3692c microwave signal generator (Anritsu)31. �e input 
microwave radiation was set to 15.625 GHz (10 mW), which resulted in continuous wave (cw) 0.5 THz radiation 
of 1 mW power. A diagonal horn antenna (WR-2.2) was positioned approximately at 0.5 cm from the micro-
fluidic cell. Under the assumption of a Gaussian beam profile, the THz spot size diameter d was approximately 
d = 4 mm. �is estimate assumes a waist radius of 1.3 mm and that the beam originates from approximately 1/3 
inside the antenna.

Source II is a TeraFlash THz-setup (TOPTICA Photonics AG, Graefelfing, Germany), which operates in 
the time-domain45. THz pulses are generated with an average power of Paver = 30 µW (average electric field 
Eaver = 110 V/cm), a peak power of Ppeak = 0.4 W at 0.4 THz (peak electric field Epeak = 13 kV/cm) and a THz pulse 
width of 600 fs at a repetition rate of 100 MHz, as specified by the company. �ese THz pulses are split into a 
probe and reference pulses. �e probe pulse is first guided through a set of focussing parabolic mirrors with a 
focal length of 25.4 mm to a spot size diameter of d = 3 mm on the sample. �e focused beam is then forwarded to 
a receiver, composed of an InGaAs/InP photoconductive switch with a 25 µm dipole antenna, where it interferes 
with the reference pulse. A subsequent Fourier transformation provides the absorption spectrum. For THz-SAXS 
measurements, the microfluidic cell was placed into the focal point created by the THz-mirrors and the receiver 
is used only as an intensity detector for alignment of the THz optics and the cell. During the SAXS experiment, 
the receiver was replaced by a second emitter to excite the protein systems from two directions for a more 
homogeneous illumination with a higher power (Paver = 60 µW, Eaver = 150 V/cm; Ppeak = 0.8 W, Epeak = 18 kV/cm).

�e power density of the THz sources is given by Φ = Paver/(π(d/2)2), in which Paver is the average power and 
d the focal spot size diameter.

�e maximum temperature rise can be estimated assuming full THz absorption and thermalization by water. 
For a power of P = 1 mW, a flow rate of V̇  = 2 µL/s, density of water  = 1 kg/L, specific heat capacity of water 
C = 4.2 kJ/kg/K, the maximum achievable temperature increase under ambient conditions is ΔT = P/(V̇�C) = 120 
mK. Due to absorption by cell window and other effects, the real increase will be even smaller.

SAXS measurements were performed at the BioSAXS beamline P12, EMBL/
PETRA III, Hamburg,  Germany64, within several experimental sessions. Table 1 gives an overview of the relevant 
experimental parameters.

For each experiment, the entire THz-setup was placed within the air gap between the evacuated X-ray beam 
path sealed by two Kapton windows. �is gap was minimized to reduce the parasitic scattering and absorption 
from air. �e X-ray beam was cut down to about 100 × 200 μm2 using tungsten slits to fit into the narrow channel 
of the microfluidic cell and to reduce the parasitic background signal from the polystyrene matrix. �e result-
ing photon flux was ~  1012 ph/s. Parasitic scattering from the beam-defining slits was reduced using a second 
pair of scatterless slits close to the sample position. Two-dimensional scattering patterns were recorded using a 

Table 1.  Overview of the experimental parameters of the different THz-SAXS beamtimes. *Defined by 
sample cell aperture of w = 2 mm. **Taking into account the dwell time of the sample in the THz beam and the 
transmission of the PS window.

Date Dec 2018 Aug 2019 Oct 2019 Aug 2020

THz source Source II Source II Source I Source II

Frequency [THz] 0.1–6.0 0.1–6.0 0.5 0.1–6.0

Cw/pulsed Pulsed: 100 MHz Pulsed:100 MHz Cw Pulsed: 100 MHz

Power (average) [mW] 0.03 0.06 1.0 0.06

Power density [mW/cm2] 0.4 0.8 6.5 0.8

Spot size diameter (free) [mm] 3 3 4 3

Spot size* (on sample) [mm] 2 2 2 2

Deposited energy**
[µJ]

5 4 75 10

SAXS

X-ray energy [keV]/wavelength [nm] 10/0.124 10/0.124 10/0.124 10/0.124

Sample-detector distance [m] 3.0 4.0 3.0 3.0

Detector PILATUS 6 M PILATUS 6 M PILATUS 6 M PILATUS 6 M

Exposure time [ms] 100 100, 200 200 50

Number of frames 50 50 250 50

Samples Microtubules Microtubules/BSA BSA BSA

Concentration [mg/mL] 3.5 3.5/4.4–5.3 5.8 2.5, 10.9

Sample volume [µl] 120 120 120 120

Flow rate [µL/s] 2 5 2 2

Dwell time (in THz beam) [s] 0.4 0.2 0.4 0.4

THz status during SAXS On/off On/off On/off/alternating On/off
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PILATUS 6 M detector (DECTRIS, Villigen, Switzerland). For the individual beamtimes, different numbers of 
2D frames and exposure times were used (see Table 1).

For the precise cell alignment, a remotely controlled hexapod (HXP100-MECA, Newport, Irvine, CA, USA) 
was used. To avoid radiation damage, the samples were moved continuously by using a remotely controlled syringe 
pump (neMESYS, Cetoni GmbH, Korbussen, Germany) in all experiments. For the measurements of protein and 
buffer solutions, polyethylene tubing-loops filled with buffer and sample were connected between the pump and 
the cell. �e total sample volume used for filling the tubing was of 1 mL, from which a volume V = 120 µL was 
used per measurement, that was moved at defined flow rates in the range of V̇  = 2–5 µL/s. �is results in a dwell 
time of the sample in the THz-beam passing into the microfluidic cell of tdwell = w ∙ (V̇dTHzdX−ray)

−1
 = 0.2–0.4 s. 

Here, w is the THz beam size within the sample of w = 2 mm which is defined by the sample cell geometry. To 
prevent the buffer and protein solution from uncontrolled mixing, small air inclusions between the two liquids 
served as spacers inside the tubing during sample loading.

SAXS patterns were collected from protein and buffer solutions without (‘THz off ’) and 
with full (‘THz on’) THz irradiation. Due to the loading procedure, first a sequence of buffers for both THz states 
was collected and subsequently the signals from the protein solutions. �is data collection cycle was repeated 
several times, using different batches of protein solution within a single beam time.

In addition, for THz source I, the terahertz radiation source was also operated alternately. Such modulations 
allow one to reduce the systematic differences associated with possible thermal effects. A DG645 pulse (delay) 
generator (Stanford Research Systems) was triggered on the raising edge of the output EN OUT signal of the 
PILATUS 6 M detector. Upon triggering, the pulse generator was programmed to send a pulse to the terahertz 
radiation source (‘THz on’ period). Simultaneously, the pulse generator was set to ignore subsequent triggers 
for 200 ms. Consequently, every odd numbered frame was in the terahertz irradiated state (‘alt. THz on’), and 
every even numbered frame in the terahertz off state (‘alt. THz off ’). Such a collection scheme was not possible 
for pulsed THz source II.

Due to the different ways of THz exposure, for source I, a long collection of 250 frames each 0.2 s was per-
formed, in order to test for any variation within the alternating THz exposure, while for source II a short col-
lection of 50 frames was conducted.

Two-dimensional SAXS patterns were azimuthally integrated, a�er masking out beam 
stop shadow and inter-module segments, and calibration the angular axis using the P12 beamline SASFLOW 
 pipeline65, which yields 1D SAXS profiles. As the buffer data—including the background scattering contribu-
tion of the sample cell and beamline—did not show any effect of THz radiation, these curves were averaged and 
subtracted from the protein scattering yielding the net signal I(s).

Given the different data collection strategies for the two THz sources, the data analysis was also made in 
different ways. For the long series recorded for source I, the averaged buffer curve was subtracted from each 
individual SAXS profile of the protein solution for the further analysis. For source II, with either THz on or off 
status, the individual frames were averaged using the P12 SASFLOW pipeline before buffer subtraction.

For the BSA data collected during the different beamtimes, relevant parameters were extracted to probe the 
effect of THz-irradiation on the protein structure and oligomeric state using the programs from the ATSAS 
so�ware  package66 (https:// www. embl- hambu rg. de/ biosa xs/ downl oad. html; version 3.0.3).

�e radius of gyration Rg was determined following the Guinier approximation for small s35,47,

using  PRIMUS67 of the ATSAS package.
�e volume fractions of monomers �

m
 were determined by fitting the scattering from high resolution struc-

tures of BSA monomer and dimer (RCSB PDB file 3V03)68 to the experimental SAXS curves using the ATSAS 
program  OLIGOMER67 following the relation:

wherein the indices ‘m’ and ‘d’ refer to monomer and dimer, respectively. As the entire SAXS profile is used, 
the monomer fraction serves as a parameter sensitive to the full curve and thus also to changes at intermediate 
length scales.

For the long data collection with THz source I, the discrepancy between two adjacent single frames n and 
n + 1 is computed as

where N denotes the number of data points of a curve, and � the experimental error.
For the data collection with THz source I, normalized histograms for the radius of gyration, the monomer 

volume fraction, and the pair discrepancy were generated. �e profiles were fitted using Gaussian functions, 
respectively.
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For microtubules, which exhibit long hollow shapes completely different from BSA, another approach was 
used: �e pair-distance distribution p(r) was computed using  GNOM35,69, and the positions of its characteristic 
features were extracted. �e pair-distance distribution function is related to the scattering curve via a Fourier 
transformation and reads

wherein r denotes the spatial coordinate. �e p(r) function differs from zero for r < dmax, the maximum particle 
size.

Care was taken to rule out effects of radiation damage which would affect the data interpretation, in par-
ticular, for the expected very weak THz-induced changes. All samples were continuously flowed while being 
exposed to the X-ray beam. Data collection was repeated several times, and the data sets exhibiting indications 
of beam-induced changes (e.g., increase in Rg within a collection series or drop of intensity due to (micro-)bub-
ble formation)70,71 were fully excluded from the analysis. By this we ensured that only data free of artefacts were 
used for analysis and interpretation.

�eoretical SAXS curves have been computed from high-resolution crystallographic data under THz irra-
diation using the program  CRYSOL72. For this, the following structures were used from the RSC PBD: Hen egg 
white  lysozyme29: 5APC (12 mW @0.4 THz, on), 5APD (THz off), 5APE (reference odd), 5APF (reference even); 
Bovine  trypsin31: 6SUX, 6SV8, 6SVB, 6SVG, 6SVJ (1mW @ 0.5 THz, on); 6SV0, 6SV6, 6SV9, 6SVD, 6SVI (THz 
off); 6SVR, 6SVV, 6SVX, 6SW0 (reference, odd); 6SVU, 6SVN, 6SVD, 6SVZ (reference, even).

Received: 4 August 2021; Accepted: 26 October 2021

 1. Wilmink, G. J. & Grundt, J. E. Invited review article: current state of research on biological effects of terahertz radiation. J. Infrared 
Millim. Terahertz Waves 32, 1074–1122 (2011).

 2. Romanenko, S., Begley, R., Harvey, A. R., Hool, L. & Wallace, V. P. �e interaction between electromagnetic fields at megahertz, 
gigahertz and terahertz frequencies with cells, tissues and organisms: risks and potential. J. R. Soc. Interface 14, 20170585 (2017).

 3. Smolyanskaya, O. A. et al. Terahertz biophotonics as a tool for studies of dielectric and spectral properties of biological tissues and 
liquids. Prog. Quantum Electron. 62, 1–77 (2018).

 4. Wei, L. et al. Application of terahertz spectroscopy in biomolecule detection. Front. Lab. Med. 2, 127–133 (2018).
 5. Cherkasova, O. P. et al. Effects of terahertz radiation on living cells: A review. Opt. Spectrosc. 128, 855–866 (2020).
 6. Heyden, M. & Havenith, M. Combining THz spectroscopy and MD simulations to study protein-hydration coupling. Methods 52, 

74–83 (2010).
 7. Xu, Y. & Havenith, M. Perspective: Watching low-frequency vibrations of water in biomolecular recognition by THz spectroscopy. 

J. Chem. Phys. 143, 170901 (2015).
 8. Conti Nibali, V. & Havenith, M. New insights into the role of water in biological function: Studying solvated biomolecules using 

terahertz absorption spectroscopy in conjunction with molecular dynamics simulations. J. Am. Chem. Soc. 136, 12800–12807 
(2014).

 9. Pickwell, E. & Wallace, V. P. Biomedical applications of terahertz technology. J. Phys. D: Appl. Phys. 39, R301 (2006).
 10. Woodward, R. M. et al. Terahertz pulse imaging in reflection geometry of human skin cancer and skin tissue. Phys. Med. Biol. 47, 

3853–3863 (2002).
 11. Titova, L. V. et al. Intense THz pulses down-regulate genes associated with skin cancer and psoriasis: a new therapeutic avenue?. 

Sci. Rep. 3, 1–6 (2013).
 12. Nikitkina, A. I. et al. Terahertz radiation and the skin: A review. J. Biomed. Opt. 26, 043005 (2021).
 13. Weightman, P. Prospects for the study of biological systems with high power sources of terahertz radiation. Phys. Biol. 9, 053001 

(2012).
 14. Hough, C. M. et al. Topology-based prediction of pathway dysregulation induced by intense terahertz pulses in human skin tissue 

models. J. Infrared Millim. Terahertz Waves 39, 887–898 (2018).
 15. Hough, C. M et al. Intense terahertz pulses inhibit Ras signaling and other cancer-associated signaling pathways in human skin 

tissue models. J. Phys. Photonics 3, 034004 (2021).
 16. Fröhlich, H. Long-range coherence and energy storage in biological systems. Int. J. Quantum Chem. 2, 641–649 (1968).
 17. Fröhlich, H. Long range coherence and the action of enzymes. Nature 228, 1093 (1970).
 18. Fröhlich, H. Biological coherence and response to external stimuli. (ed. Fröhlich, H.) (Springer 1988).
 19. Reimers, J. R., McKemmish, L. K., McKenzie, R. H., Mark, A. E. & Hush, N. S. Weak, strong, and coherent regimes of Fröhlich 

condensation and their applications to terahertz medicine and quantum consciousness. Proc. Natl. Acad. Sci. USA 106, 4219–4224 
(2009).

 20. Preto, J. Classical investigation of long-range coherence in biological systems. Chaos 26, 123116 (2016).
 21. Preto, J. Semi-classical statistical description of Fröhlich condensation. J. Biol. Phys. 43, 167–184 (2017).
 22. Nardecchia, I. et al. Out-of-equilibrium collective oscillation as phonon condensation in a model protein. Phys. Rev. X 8, 031061 

(2018).
 23. Xu, J., Plaxco, K. W. & Allen, S. J. Probing the collective vibrational dynamics of a protein in liquid water by terahertz absorption 

spectroscopy. Protein Sci. 15, 1175–1181 (2006).
 24. Castro-Camus, E. & Johnston, M. B. Conformational changes of photoactive yellow protein monitored by terahertz spectroscopy. 

Chem. Phys. Lett. 455, 289–292 (2008).
 25. Acbas, G., Niessen, K. A., Snell, E. H. & Markelz, A. G. Optical measurements of long-range protein vibrations. Nat. Commun. 5, 

3076 (2014).
 26. Lundholm, I. et al. Terahertz absorption of illuminated photosynthetic reaction center solution: a signature of photoactivation?. 

RSC Adv. 4, 25502–25509 (2014).
 27. Turton, D. A. et al. Terahertz underdamped vibrational motion governs protein-ligand binding in solution. Nat. Commun. 5, 3999 

(2014).
 28. Cherkasova, O. P., Fedorov, V. I., Nemova, E. F. & Pogodin, A. S. Influence of terahertz laser radiation on the spectral characteristics 

and functional properties of albumin. Opt. Spectrosc. 107, 534 (2009).

p(r) =
1

2�2 ∫
∞

0

I(s) sr sin(sr)ds



Vol:.(1234567890)

 |        (2021) 11:22311  | 

www.nature.com/scientificreports/

 29. Lundholm, I. V. et al. Terahertz radiation induces non-thermal structural changes associated with Fröhlich condensation in a 
protein crystal. Struc. Dyn. 2, 054702 (2015).

 30. Yamazaki, S. et al. Actin polymerization is activated by terahertz irradiation. Sci. Rep. 8, 9990 (2018).
 31. Ahlberg-Gagnér, V. et al. Clustering of atomic displacement parameters in bovine trypsin reveals a distributed lattice of atoms 

with shared chemical properties. Sci. Rep. 9, 19281 (2019).
 32. Yamazaki, S. et al. Propagation of THz irradiation energy through aqueous layers: Demolition of actin filaments in living cells. Sci. 

Rep. 10, 9008 (2020).
 33. Tokunaga, Y. et al. (2021). Nonthermal excitation effects mediated by subterahertz radiation on hydrogen exchange in ubiquitin. 

Biophys. J. 120, 2386–2393. (2021).
 34. Hough, C. M. et al. Disassembly of microtubules by intense terahertz pulses. Biomed. Opt. Express 12, 5812–5828 (2021).
 35. Svergun, D. I., Koch, M. H., Timmins, P. A., & May, R. P. Small angle X-ray and neutron scattering from solutions of biological 

macromolecules. (Oxford University Press. 2013).
 36. Panjkovich, A. & Svergun, D. I. Deciphering conformational transitions of proteins by small angle X-ray scattering and normal 

mode analysis. Phys. Chem. Chem. Phys. 18, 5707–5719 (2016).
 37. Schroer, M. A. & Svergun, D. I. Recent developments in small-angle X-ray scattering and hybrid method approaches for biomac-

romolecular solutions. Emerg. Top. Life Sci. 2, 69–79 (2018).
 38. Molodenskiy, D. et al. �ermally induced conformational changes and protein–protein interactions of bovine serum albumin 

in aqueous solution under different pH and ionic strengths as revealed by SAXS measurements. Phys. Chem. Chem. Phys. 19, 
17143–17155 (2017).

 39. Schroer, M. A. et al. High-pressure SAXS study of folded and unfolded ensembles of proteins. Biophys. J. 99, 3430–3437 (2010).
 40. Röllen, K., Granzin, J., Batra-Safferling, R, & Stadler, A. M. Small-angle X-ray scattering study of the kinetics of light-dark transi-

tion in a LOV protein. PLoS One 13, e0200746 (2018).
 41. Zhang, Z., Agarwal, G. S. & Scully, M. O. Quantum fluctuations in the Fröhlich condensate of molecular vibrations driven far from 

equilibrium. Phys. Rev. Lett. 122, 158101 (2019).
 42. Pokorný, J. Conditions for coherent vibrations in the cytoskeleton. Bioelectrochem. Bioenerg. 48, 267–271 (1999).
 43. Pokorný, J. Excitation of vibrations in microtubules in living cell. Bioelectrochemistry 63, 321–326 (2004).
 44. Cifra, M., Havelka, D. & Deriu, M. A. Electric field generated by longitudinal axial microtubule vibration modes with high spatial 

resolution microtubule model. J. Phys. Conf. Ser. 329, 012013 (2011).
 45. Schewa, S. et al. A THz transparent 3D printed microfluidic cell for small angle x-ray scattering. Rev. Sci. Instrum. 91, 084101 

(2020).
 46. Jeffries, C. M. et al. Preparing monodisperse macromolecular samples for successful biological small-angle X-ray and neutron-

scattering experiments. Nat. Proto. 11, 2122–2153 (2016).
 47. Guinier, A. L. diffraction des rayons X aux très petits angles: Application à l’étude de phénomènes ultramicroscopiques. Ann. Phys. 

12, 161–237 (1939).
 48. Svergun, D. I. et al. Protein hydration in solution: experimental observation by x-ray and neutron scattering. Proc. Natl. Acad. Sci. 

USA 95, 2267–2272 (1998).
 49. Xu, J., Plaxco, K. W. & Allen, S. J. Absorption spectra of liquid water and aqueous buffers between 0.3 and 3.72 THz. J. Chem. Phys. 

124, 036101 (2006).
 50. Bye, J. W. et al. Analysis of the hydration water around bovine serum albumin using terahertz coherent synchrotron radiation. J. 

Phys. Chem. A 118, 83–88 (2014).
 51. Schroer, M. A. et al. Nonlinear pressure dependence of the interaction potential of dense protein solutions. Phys. Rev. Lett. 106, 

178102 (2011).
 52. Desai, A. & Mitchison, T. J. Microtubule polymerization dynamics. Annu. Rev. Cell Dev. Bio. 13, 83–117 (1997).
 53. Choi, M. C. et al. Human microtubule-associated-protein tau regulates the number of protofilaments in microtubules: A synchro-

tron X-ray scattering study. Biophys. J. 97, 519–527 (2009).
 54. Jibu, M., Hagan, S., Hameroff, S. R., Pribram, K. H. & Yasue, K. Quantum optical coherence in cytoskeletal microtubules: implica-

tions for brain function. Biosystems 32, 195–209 (1994).
 55. Hameroff, S., Nip, A., Porter, M. & Tuszynski, J. Conduction pathways in microtubules, biological quantum computation, and 

consciousness. Biosystems 64, 149–168 (2002).
 56. Qian, X. S., Zhang, J. Q. & Ru, C. Q. Wave propagation in orthotropic microtubules. J. Appl. Phys. 101, 084702 (2007).
 57. Sahu, S., Ghosh, S., Fujita, D. & Bandyopadhyay, A. Live visualizations of single isolated tubulin protein self-assembly via tunneling 

current: effect of electromagnetic pumping during spontaneous growth of microtubule. Sci. Rep. 4, 7303 (2014).
 58. Mandelkow, E. M., Harmsen, A., Mandelkow, E. & Bordas, J. X-ray kinetic studies of microtubule assembly using synchrotron 

radiation. Nature 287, 595–599 (1980).
 59. Mandelkow, E. M., Schultheiss, R., Rapp, R., Müller, M. & Mandelkow, E. On the surface lattice of microtubules: helix starts, 

protofilament number, seam, and handedness. J. Cell Biol. 102, 1067–1073 (1986).
 60. Chung, P. J. et al. Tau mediates microtubule bundle architectures mimicking fascicles of microtubules found in the axon initial 

segment. Nat. Commun. 7, 12278 (2016).
 61. Adair, R. K. Vibrational resonances in biological systems at microwave frequencies. Biophys. J. 82, 1147–1152 (2002).
 62. Moix, J. M., Parker, J. E. & Echchgadda, I. Qualitative behavior of the low-frequency vibrational dynamics of microtubules and 

the surrounding water. J. Phys. Chem. B 121, 3024–3031 (2017).
 63. Song, Y. H. & Mandelkow, E. Recombinant kinesin motor domain binds to beta-tubulin and decorates microtubules with a B 

surface lattice. Proc. Natl. Acad. Sci. U.S.A. 90, 1671–1675 (1993).
 64. Blanchet, C. E. et al. Versatile sample environments and automation for biological solution X-ray scattering experiments at the 

P12 beamline (PETRA III, DESY). J. Appl. Cryst. 48, 431–443 (2015).
 65. Franke, D., Kikhney, A. G. & Svergun, D. I. Automated acquisition and analysis of small angle X-ray scattering data. Nucl. Instrum. 

Methods Phys. Res. A 689, 52–59 (2012).
 66. Manalastas-Cantos, K. et al. ATSAS 3.0: expanded functionality and new tools for small-angle scattering data analysis. J. Appl. 

Cryst. 54, 343–355 (2021).
 67. Konarev, P. V., Volkov, V. V., Sokolova, A. V., Koch, M. H. & Svergun, D. I. PRIMUS: a Windows PC-based system for small-angle 

scattering data analysis. J. Appl. Cryst. 36, 1277–1282 (2003).
 68. Majorek, K. A. et al. Structural and immunologic characterization of bovine, horse, and rabbit serum albumins. Mol. Immunol. 

52, 174–182 (2012).
 69. Svergun, D. I. Determination of the regularization parameter in indirect-transform methods using perceptual criteria. J. Appl. 

Cryst. 25, 495–503 (1992).
 70. Jeffries, C. M., Graewert, M. A., Svergun, D. I. & Blanchet, C. E. Limiting radiation damage for high-brilliance biological solution 

scattering: practical experience at the EMBL P12 beamline PETRA III. J. Synchrotron Rad. 22, 273–279 (2015).
 71. Schroer, M. A. et al. Smaller capillaries improve the small-angle X-ray scattering signal and sample consumption for biomacro-

molecular solutions. J. Synchrotron Rad. 25, 1113–1122 (2018).
 72. Svergun, D. I., Barberato, C. & Koch, M. H. CRYSOL—a program to evaluate X-ray solution scattering of biological macromolecules 

from atomic coordinates. J. Appl. Cryst 28, 768–773 (1995).



Vol.:(0123456789)

 |        (2021) 11:22311  | 

www.nature.com/scientificreports/

All authors thank the German Bundesministerium fur Bildung und Forschung/Roentgen-Angstrom cluster 
project “TT-SAS” (Grant No. 05K16YEA). We thank Gergely Katona, Maja Jensen, Viktor Ahlberg-Gagner 
and Maria-Jose Garcia-Bonete (all University of Gothenburg) for providing the THz source I, support during 
the SAXS measurements and critical discussion on the manuscript. We thank Christian Hübner (University of 
Lübeck) for his support and access to laboratory equipment.

D.I.S. and M.R. wrote the research proposal. M.A.S., S.S., C.E.B., and M.R. conceived the experiment. S.S., T.Z. 
and M.R. designed and build the THz sample cell. C.R., J.M.L.R., T.Z. and Y.H.S. prepared the samples. M.A.S., 
S.S., A.Y.G., T.Z., C.E.B. and M.R. prepared the experimental set-up. M.A.S., S.S., A.Y.G., and M.R. performed 
the experiments. M.A.S., S.S. and M.R. analysed and interpreted the data. M.A.S. wrote the main manuscript 
text, with input from all authors.

Open Access funding enabled and organized by Projekt DEAL.

 
�e authors declare no competing interests.

Supplementary Information �e online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 01774-6.

Correspondence and requests for materials should be addressed to M.A.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© �e Author(s) 2021


