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Abstract— This paper focuses on demonstrating the possible 
detection with microwave dielectric spectroscopy of the hydration 
modification of a protein submitted or not to a chaotropic agent. 
The case study of the denaturation of the large BSA protein with 
urea is investigated. A hydration contrast is extracted from 
microwave measurements and presents a linear relationship with 
the concentration of the denaturing agent. This result 
demonstrates that microwave dielectric spectroscopy could 
contribute to evaluate intramolecular change of conformation 
(structuration/destructuration) of biomacromolecules based on 
hydration modifications.   

Keywords— microwave, dielectric spectroscopy, molecules, 
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I. INTRODUCTION

To understand and finally be able to interact with molecular 
processes, one needs efficient analysis techniques. This applies 
to any field of chemical sciences including material sciences, 
supramolecular chemistry and, in particular, to the chemistry of 
life. In biology, scientists need to know (i) how different partners 
recognize each other (ligand/receptor, protein/protein 
interactions, protein/DNA recognition…), (ii) how biological 
macromolecules acquire their 3D structures in order to be active 
(protein folding, DNA structuration/destructuration…), (iii) 
how a drug selectively binds to its pharmacological target in 
order to fight a disease. 

Although various spectroscopic techniques currently exist to 
follow molecular structuration and interactions (circular 
dichroism and UV-visible absorbance or fluorescence 
spectroscopies for instance), microwave dielectric spectroscopy, 
which has mainly been applied to molecules-solvents systems 
so far and poorly demonstrated for further molecular 
interactions, may potentially offer some new attractive and 
complementary properties such as rapid spectrum acquisition 
(milliseconds instead of several minutes for a classic circular 
dichroism spectrum), insights into the involvement of water 
molecules in the molecular process of interest. Furthermore, the 
technique does not require any labeling of the studied 
compounds. 

Fig. 1. Schematic of urea impact on BSA molecule. 

Microwave dielectric spectroscopy constitutes an attractive 
characterization technique due to its non-destructive, rapid and 
non-contacting properties. This method exploits the interaction 
of the electromagnetic field with matter and probes the 
reorientational dynamics of molecules, notably water molecules 
(relaxation phenomenon centered around 20 GHz for bulk 
water) and the variations between the bulk and bounded 
contributions. Investigations such as macroscale moisture 
content measurements in agronomy [1-2], water detection in 
soils and more recently non-destructive and label-free cellular 
analysis [3-5] have been successfully carried out. Previous 
investigations were also conducted on biomolecules-solvent 
interactions with dielectric spectroscopy [6-11]. 

Within this context, we are interested in exploring the ability 
of microwave dielectric spectroscopy to probe 
(macro)molecular interactions of biological interest. In a first 
step, the possible detection of the denaturation of a large protein, 
the Bovine Serum Albumin, BSA, with a denaturing agent (urea 
in our case) is evaluated. This molecule constitutes a well-
known molecule for chemists and is often chosen as a model due 
to its possible and simple to control denaturation with different 
techniques (temperature, chaotropic agent notably). 

Here the two states, that are expected to afford different 
microwave dielectric responses, are the fully folded 
macromolecule and the unfolded coil, as indicated with the 
schematic of Fig. 1. The unfolding level is directly linked to the 
concentration of the denaturing agent. 

Destructuration
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In a first section, the protein under test and the denaturing 
agent are presented, followed by a description of the microwave 
sensor, a brief explanation of its fabrication process and the RF 
test setup developed to perform the microwave dielectric 
spectroscopy of low volume liquids. Next section is then 
dedicated to the microwave measurements of the different 
protein-based solutions and the data treatment specifically 
developed to highlight the impact of denaturation of the protein 
on its hydration. 

II. MATERIALS AND METHOD

A. Protein under test and denaturation procedure
As a first model, a large 3D protein, BSA, which is

commercially available in a large quantity, is chosen. 

To perform the denaturation, urea is selected among the 
different possible chaotropic agents. In sufficient quantity, the 
chaotropic agent causes indeed a maximum solubility in the 
medium and therefore causes denaturation. The polarity of water 
molecules becomes weak in the presence of urea, for example. 

All solutions of BSA and urea are prepared in a 50 mM 
phosphate buffer with a pH of 7.4. The pH is checked with a pH-
meter and two calibration solutions of pH 7 and 10 respectively. 

Two BSA solutions of 1 and 2 mg / mL are prepared for our 
experiments.  

The different liquid solutions were divided in several 
replicates and stored at -2°C to allow multiple independent 
experiments while using the same original liquids. Before the 
beginning of the RF experiments, the requested ones were 
placed at room temperature for 30 minutes, while replicates 
were kept frozen for the other experiments. 

B. Microwave sensor for permittivity measurement of low
volume liquids, test setup and RF measurement protocole
The microwave sensor used for low volume liquid analysis

is presented in Fig. 2. It consists in a coplanar waveguide with a 
microfluidic channel placed on top. A volume of 1 µL is required 
within the channel, including the dead zones to allow the 
insertion of the liquid and its removal. 

Fig. 2. Photography of the microwave sensor. 

Fig. 3 gives a cross section of the sensor. This latter is 
realized on a quartz substrate to minimize dielectric losses. The 
coplanar waveguide is obtained with a lift-off technique and the 
evaporation of a titanium/gold layer of 0.3 µm thick. To present 
a 50 Ω impedance at the input of the sensor, the central 
conductor and the slots exhibit a width of 150 µm and 15 µm 
respectively. The fluidic walls are then realized with the 
patterning of a thick SU-8 polymer layer, which has been totally 
reticulated with a hardcure to avoid any contamination during 
RF measurements. Finally, a PDMS lid is stuck to the fluidic 
walls using an oxygen plasma treatment performed on both 
elements, the sensor wafer and the lid. 

The microwave measurements are performed by connecting 
a Vector Network Analyzer to the sensor with two coaxial cables 
and two RF probes, as indicated in Fig. 4. The sensor is located 
on a probe station, which integrates a thermal chuck for thermal 
stability during measurements and an anti-vibration table. A 
microscope permits to visualize the liquid under test in the 
structure. Fluidic tubes are also connected on both side of the 
channel to insert the liquids to test. 

Fig. 3. Cross section of the schematic of the sensor. 

Fig. 4. Photography of the microwave test setup. 

1µl

1mm

)))
RFIN

)))

RFOUT

CPW 
metallization

Quartz substrate

PDMS lid

SU-8 walls Liquid under test



A RF measurement protocol is established. It starts with the 
measurement of the buffer solution, which serves as a reference 
during the data treatment. Each molecular solution is measured 
three times.  

Then the molecular solutions with increased concentrations 
are characterized, starting with the BSA solutions (at 1 and 2 
mg/ml), followed by the lowest urea concentrated solutions, 
with then a mixture of BSA and urea. This is repeated with 
increased concentration of urea, from 3M to 8M, for the two 
concentration of BSA (1 and 2 mg/ml). Between each liquid 
solution, the sensor is rinsed three times with the next solution 
to analyze. Finally, the experiments have been repeated three 
times independently.  

Cross measurements with a traditional optical spectroscopic 
technique (circular dichroism) have also been applied to confirm 
the BSA denaturation with a validated method. 

III. MICROWAVE MEASUREMENTS AND RESULTS

As mentioned previously, the buffer dielectric response is 
used as a reference for all permittivity measurement. 

Fig. 5 indicates from the left column to the right one the 
obtained contrast for the real part of the permittivity of the BSA 
solution at a concentration 1 mg/ml, then for the mixture of BSA 
at 1 mg/ml and urea at 3 mol/l. In red is then indicated the 
contrast between these two dielectric results. 

A similar data treatment is performed for the BSA solution 
with a 2 mg/l concentration value. Once again, the red curve 
placed at the right side of the mixture response corresponds to 
the contrast between the mixture of the protein solution with the 
chaotropic agent and the protein solution itself. 

Due to the factor two in concentration between the two BSA 
solutions, the bounded water molecules are not supposed to be 
equal for each configuration. Therefore, the contrast between the 
two red columns of Fig. 5 is calculated and indicated in green on 
the graph. It corresponds to the hydration contrast between the 
two configurations. 

Fig. 5. Permittivity contrasts (on the real part) at 3 GHz for the different tested 
solutions.  

Fig. 6. Extracted “hydration” contrast for different urea concentrations and for 
3 independent experiments (squares, triangles and diamonds correspond to 
independent experiments).  

Finally, this data treatment has been applied for 4 urea 
solutions, exhibiting concentrations from 3 to 8 mol/l. Fig. 6 
presents the hydration contrast obtained for each concentration 
and for three independent experiments, i.e. performed at 
different weeks, with different sensors and initial calibration 
step of the test setup.  

One may notice that each independent experiment leads to a 
similar tendency. This hydration contrast linearly rises, while 
the urea concentration increases. This result is coherent with the 
fact that the amount of bounded water molecules increases as the 
chaotropic agent is more concentrated, leading to a larger 
proportion of denatured BSA. 

IV. CONCLUSIONS

This paper presents rigorous microwave experiments 
performed on the large BSA protein, which presents different 
conformations due to the action of a chaotropic agent. After the 
establishment of a microwave data treatment, the hydration 
contrast between the different molecular structures of the protein 
(structured and denatured) is extracted. A linear relationship 
between this hydration contrast and the urea concentration is 
obtained. This result demonstrates the ability of microwave 
dielectric spectroscopy to give access to the study of 
conformational change. 
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