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Abstract— Direct absorption spectroscopy is used to determine 
the absorption coefficient of protein solutions across the 
spectrum from 0.1 to 3 THz. The spectra are analyzed with 
respect to their dependence on solution properties, protein size 
and protein geometry. Besides these direct absorption 
measurements, a non-linear two-color experiment is developed 
which is sensitive solely to the chirality based contribution from 
proteins. 

I. INTRODUCTION AND BACKGROUND 
iopolymers such as proteins exhibit structural dynamics 

over a very broad range of frequencies. Large scale 
motions connected to their functional properties have been 
shown to exist in the THz frequency range.1,2 The application 
of direct absorption spectroscopy3 for the study of these 
motions in the natural environment of the biopolymers, 
aqueous solutions, comes with the added difficulty that water 
itself absorbs rather strongly at these frequencies. In order to 
determine the protein contribution to the absorption of the 
solution, we need to measure the absorption coefficients of the 
protein solution and its reference solution with high precision.  
This is achieved by combining a strong THz source, the UCSB 
Free-Electron Laser, and a highly sensitive THz detector, a 
helium cooled bolometer, with a precision solution-thickness 
scanning setup.  The resulting data can be analyzed with 
Beer’s law in order to yield the absorption coefficient of the 
solution with high precision. 

Beyond this direct method, a non-linear spectroscopy 
approach to study global protein dynamics is developed. Due 
to the chiral symmetry that biopolymers exhibit, their 
solutions produce a non-vanishing contribution to the second-
order non-linear polarization governing sum/difference 
frequency generation. When a protein solution is 
simultaneously excited at an electronic transition at optical 
wavelengths and by THz radiation, sidebands to the optical 
frequency are generated. The strength of these sidebands 
reflects the vibrational mode structure of the protein close to 
the chromophore which often participates directly in the 
function of the protein. 

II. RESULTS  AND DISCUSSION 
The measurements discussed here have been taken on 

solutions containing the protein lysozyme. Direct absorption 
measurements across the THz spectrum of high concentration 
solutions (25 % w/w) of the native protein4 with a radius of 
gyration of 1.53 nm show the following features. The overall 
absorption starts to rise up at about 0.4 THz and then levels off 
into a plateau at about 2 THz. These features compare 
reasonably well with theoretical mode calculations of the 
protein4. 

Well below half a THz the situation is more complicated. In 
the absorption measurements, one measures the absorption 
strength of both the protein in buffer solution and the pure 
buffer solution. In order to do this right, care has to be taken to 
measure exactly, by weight, how much buffer was put into the 
protein solution. Then the absorption coefficient of the pure 
buffer is scaled by this percentage and subtracted from the 
protein solution absorption. Surprisingly, this leads to a 
negative value for the protein absorption in the low frequency 
region (<0.25 THz). An explanation for this observation 
comes in the form of water of hydration. The water in the 
direct vicinity of the protein will exhibit different dynamics 
than free water molecules5,6,7,8. This can shift oscillator 
strength from lower (less stiff) to higher frequencies (stiffer). 
Combining this explanation with the experimental observation 
that the negative absorption at the lower frequency end 
appears frequency independent leads one to conclude that the 
low frequency behavior is dominated by the water of 
hydration and the protein contribution is negligible. Under the 
assumption of zero absorption for both the protein and the 
water of hydration one recovers a number of water molecules 
per protein of the hydration shell that is at the lower end of 
values determined from other approaches.  

The rise in absorption strength with increasing frequency 
mimics the behaviour of a disordered solid with randomly 
distributed charges. In the latter system, the absorption 
strength basically follows the density of states (DOS) of the 
vibrational modes. To test whether protein solutions show a 
similar characteristic9, in addition to the native protein (3D 
like DOS), solutions of lysozyme in its denatured state (1D 
like DOS) are investigated. Reduced denatured lysozyme is 
made10 from the native source and then dialyzed against the 
same pH2 buffer as the native solutions. In its modified state, 
lysozyme has a radius of gyration of about 3.8 nm, about 2.5 
times that of the native state. The concentrations of both types 
of solutions, native and modified, are determined by UV 
absorption spectroscopy. The change in protein conformation 
is confirmed both by CD and 1D NMR measurements. 
Working with proteins in their denatured state brings with it 
the difficulty that their solubility limit is much lower than that 
of the native state even far from the isoelectric point (pH11.4). 
For the modified lysozyme solutions a maximum 
concentration close to 4 % w/w could be achieved. This brings 
with it a significant loss of signal strength from the protein. 
Figure 1 shows the absorption values for the buffer solution, 
the native lysozyme solution (3.9 % w/w) and the buffer 
absorption scaled by its content in the lysozyme solution at 
THz frequencies. The absorption in all solutions is clearly 
dominated by the water contribution and emphasizes that the 
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absorption needs to be measured with very high precision.  
 The main question to be addressed here, is whether the 
lysozyme geometry significantly influences the THz 

absorption of the protein. To that effect, Figure 2 shows the 
absorption contribution determined for three different 
solutions at about equal concentrations. The native lysozyme 
(3.9 % w/w) solution from above, a similar native lysozyme 
(3.9 % w/w) solution with part of the buffer made up from 
positively charged TRIS buffer and a modified lysozyme 
solution (3.7 % w/w).  
 The data shows no significant difference between the three 
solutions at most frequencies. The difference at 2.5 THz for 
the native solution might indicate a systematic problem at this 
frequency. Due to the rapid increase in water absorption, both 
the absolute thickness and the thickness changes over which 
the absorption is determined according to Beer´s law become 
rather small at high THz frequencies and thus more prone to 
errors. However, the rest of data shows no dependence on the 
geometry of the protein.  
 Similar measurements performed at lower THz frequencies 
are complicated by the additional contribution from the water 
of hydration which results in a negative absorption coefficient. 
In order to determine this molecules of water per molecule of 
protein number, NMR measurements on frozen solutions 
similar to those in Ref. 8 (Sec. II C)  are under way.   
 Due to the difficulties involved in direct THz absorption 
measurements on protein solutions as outlined in the 
discussion above, it is desirable to develop a measurement 
approach that results in a signal solely from the biomolecules. 
The chiral symmetry of the biomaterial quite naturally leads 
the way to the technique of chiral sum and difference 
frequency generation11. In our approach, the THz beam is 
focused onto a solution surface which sits right above a metal 
grating. The frequency mixing occurs in the evanescent field 
of the wavefront modulated THz beam in the solution through 
which a visible laser beam is guided just above the grating. 

Through variation of the grating period phase matching 
conditions across the whole THz band can be achieved. The 
setup is currently analyzed with non-linear crystals especially 
with respect to the achievable signal strengths compared to the 
expectations from chiral sum and difference frequency 
generation performed in the IR11.  
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Figure2: THz absorption coefficients for native 
lysozyme (3.9 % w/w), modified lysozyme (3.7 % w/w) 
and native lysozyme (3.9 % w/w) with added TRIS buffer. Figure1: THz absorption coefficients for a native lysozyme 

solution (3.9 % w/w) the pure buffer and the buffer scaled to 
the volume concentration in the lysozyme solution 


