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Abstract: Towards new and improved techniques in liquid biopsy for the diagnosis of
diseases, this study reports experimental evidence of a rapid and reliable method based on
terahertz (THz) time-domain spectroscopic ellipsometry (TDSE) for the early diagnosis of
kidney-related diseases, using the detection of uric acid (UA) content in urine. Employing
a custom-built THz-TDSE system, we analyzed the absorption and dispersion response
of synthetic urine samples with varying concentrations of UA. The technique provides a
prompt indication of UA presence and concentration, thanks to the sensitivity of THz waves
to intermolecular interactions such as hydrogen bonding. The results clearly show a linear
correlation between the UA concentration and changes in the absorption spectra of urine
in the frequency window 0.2–1.2 THz, with the minimum detectable UA concentration
being approximately close to the upper limit of normal UA levels in urine. The increase
in the absorption coefficient as a function of the UA concentration provides a means for a
quantifiable measure of the UA biomarker in urine for assessing disease stage. This study
proves that THz-TDSE is capable of detecting UA at concentrations relevant for early-stage
diagnosis of renal diseases, with an estimated sensitivity of 0.2 g/L in the region where the
material response is linear.

Keywords: urinary biomarker; uric acid; THz spectroscopic ellipsometry

1. Introduction
Uric acid (UA) is a metabolic waste product in the body. When a chemical called

purine breaks down, UA is produced and dissolved in the blood, where its non-pathological
serum levels are below 6 mg/dL (in women) and 7 mg/dL (in men). After passing through
the kidneys (two-thirds of the total amount, one-third being excreted by the gut), it is
eliminated from the body by urination. A thorough database has been recently compiled
by the U.S. Department of Agriculture (USDA), reporting the presence of purine in various
foods and drinks [1]. The ideal amount of UA in urine is 0.1–0.5 g/L, considering that an
individual produces 1–2 L of urine per day [2] and that typically over 600 mg UA/day are
excreted [3]. Values both above (hyperuricosuria) and below normal levels in urine have
been linked to a number of inflammatory states, providing evidence that UA is actually
considered as a biomarker for several diseases. Indeed, abnormally high uric acid levels
have been correlated with gout [4], hypertension [5], and cardiovascular [6] and renal
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diseases [7]. Early detection of renal diseases, such as bladder cancer, is crucial for improv-
ing treatment outcomes and survival rates. Traditional cancer screening methods include
imaging techniques [8], biopsies [9], and blood tests [10]. In recent years, liquid biopsy has
emerged as a minimally invasive detection method for cancer molecular profiling not only
of blood but also of other body fluids, including urine. Indeed, recent advances in medical
research have highlighted the potential of biomarkers, such as UA levels in urine, to serve as
early indicators of cancer [11]. Traditional methods for UA detection in urine often rely on
chemical analysis including enzymatic assays, colorimetric assays including fluorescence
methods [12], and chromatography, but they also include electrochemical detection, surface
plasmon resonance detection, and capillary electrophoresis [13]. These methods are usually
accurate, however, they require extensive sample preparation, well-controlled laboratory
settings, and high-quality reagents, making them time-consuming and expensive [14]. On
the other hand, optical methods like UV-Vis spectroscopy, fluorescence, surface plasmon
resonance, and Raman spectroscopy, while offering high sensitivity for detecting UA at low
concentrations, are often very sensitive to environmental conditions, such as temperature,
pH, and light scattering, which can affect their accuracy and reliability [15,16]. Terahertz
(THz) spectroscopy, which operates in the frequency range of 0.1–10 THz, has emerged as a
promising and robust tool for biomolecular analysis [17] due to its sensitivity to molecular
vibrations and low-energy transitions [18]. THz spectroscopy represents a specific recent
investigative goal in the research on metabolic biomarkers in urine liquid samples, for early
cancer detection via so-called liquid biopsy. In this context, specific spectral fingerprints in
the THz regime of biomolecules dissolved in urine have been investigated via various THz
technologies for oncological disease detection [2]. Biosensors (such as metasurfaces [19,20])
and microfluidic techniques are also emerging in the field, showing great potential for
fast real-time analysis in liquid biopsy, which use electrochemical properties to detect
biomarkers in urine samples [21,22]. These techniques, apart from adding additional
complexity to measurement, can be combined with THz-TDS techniques to improve the
detection sensitivity.

Table 1 summarizes the existing techniques in liquid biopsies and highlights the
principles, advantages, and drawbacks for each of them.

Table 1. Comparison of chemical, optical, and THz spectroscopic techniques for uric acid detection.

Method Principle Advantages Disadvantages

Chemical
Based on chemical reactions,
such as enzymatic or
colorimetric assays

• High sensitivity
• Reliable if done under

well-established protocols

• Complicated sample preparation
• Time-consuming
• Expensive

Optical UV-Vis absorption, fluorescence,
or Raman spectroscopy

• Sensitive to low concentrations
• Provides molecular insights

• Sensitive to environmental factors
• Affected by light scattering

THz-TDS
Investigate the complex
refractive index (dispersion and
absorption) in the THz range

• Non-destructive
• Minimal preparation
• Cost-effective
• Rapid analysis

• Lower sensitivity compared to
chemical techniques

• Need for validation in
real-world cases

Although direct studies on UA detection in urine using THz spectroscopy are limited,
the potential for this application has been suggested in the diagnosis of various diseases [2].
THz radiation is sensitive to molecular vibrations and intermolecular interactions [23],
which is a key factor in studying biomarkers such as UA in urine. Using conventional
spectroscopic techniques in the THz region such as time-domain transmission spectroscopy
can be challenging for this purpose, due to the strong signal absorption of urine. For this
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aim, researchers have used techniques such as freeze-drying or concentrating the samples
to enhance the detection of UA, which however may require excessive sample amounts [24].
Conversely, novel techniques such as THz ellipsometry, being a self-reference and surface-
related technique, overcomes the above-mentioned challenge and removes the barrier
towards a fast and accurate method for detecting urinary biomarkers such as UA with
high precision. The THz spectroscopy technique has been already used to detect protein
concentrations in urine, linked to kidney diseases [25], glucose concentrations linked to
diabetes [26], and bacteria detection as a sign of urinary infection [27]. All these research
studies show the potential of THz spectroscopic techniques in liquid biopsy.

In this work, we demonstrate the potential of an experimental tool based on THz
time-domain spectroscopic ellipsometry (TDSE) for fast and quantitative liquid biopsy
diagnosis of kidney-related diseases, using UA detection in urine, as a first attempt to move
from research focused methods towards practical clinical applications.

2. Materials and Methods
2.1. Sample Preparation

Uric acid powders (BioXtra) with a purity of 99.7% and synthetic urine (Sigmatrix)
with a pH ranging between 6.5 and 7.2 were purchased from Merck Life Science, Darm-
stadt, Germany. Synthetic urine is formulated to closely replicate human urine, which is
a water solution comprising calcium chloride, magnesium chloride, potassium chloride,
sodium chloride, sodium phosphate, sodium sulfate, urea, and creatinine. Before testing
urine solutions with different UA concentrations, we first prepared 1 mm thick pellets
by mixing uric acid and high-density polyethylene (Merck Life Science, Darmstadt, Ger-
many) with a ratio of 1:1 (w/w) and pressing the dried powders at 10 tons for 2 min. For
the liquid samples fabrication, we started from a stock solution with a uric acid concen-
tration of 50 g/L by using an analytical balance (Sartorius, Göttingen, Germany) with a
resolution of 0.0001 g. The stock solution was then diluted to create concentrations of
1 g/L, 2 g/L, and 3 g/L of uric acid in urine. All samples were prepared in controlled and
sterile conditions to avoid contamination. For each test, 5 mL of each solution was placed
in a Petri dish with 14 mm depth and 50 mm diameter. The container was deep enough to
make the unavoidable secondary time signals produced by the THz beam reflected from the
lower liquid–dish interface negligible. Following preparation, the samples were stored at
4 ◦C. Before measurements, they were kept under ambient conditions for approximately
two hours to reach room temperature.

2.2. Experimental Setup

We utilized a custom-built THz time-domain ellipsometer (Figure 1), featuring a fem-
tosecond laser source fiber-coupled to two photoconductive antennas for coherent THz
pulse emission and detection. Polymeric TPX (polymethylpentene) lenses are used to
collimate and focus the THz pulse. Three conductive wire grid polarizers (WGPs), marked
by P, A, and C in Figure 1, are employed to control, detect, and compensate the polarization
state, respectively. This setup, compared to previous designs, provides enhanced precision
and reliability [28]. Its flexible design and accurate calibration, mentioned in detail in
our previous work [24], enable precise probing of liquid polarization responses in the sub
THz range. The opto-mechanical design permits changing the incident angle in a wide
range (10◦ < θ ≤ 90◦) with an accuracy of 0.5◦. The THz spot size at the focal length of
focusing lenses is approximately 5 mm. Further details on the measurement setup can be
found in [29]. In time-domain ellipsometric measurements, the p-polarized and s-polarized
electric fields reflected from the sample surface are recorded [30]. Afterward, we obtained
frequency-dependent information on both the amplitude and phase of the reflected signals
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using fast Fourier transform (FFT) analysis, from which we directly retrieved the ellipso-
metric parameters (Ψ; ∆) defined as the amplitude ratio and the phase difference of the p-
and s-polarized states, respectively. The ellipsometric parameters (Ψ; ∆) are linked to the
complex dielectric response of the material under test [31]:

ε
′
= sin2 θ

[
1 +

tan2 θ(cos2 2Ψ − sin2 2Ψ sin2 ∆)
(1 + sin 2Ψ cos ∆)2

]
(1)

ε” = sin2 θ
tan2 θ sin 4Ψ sin ∆
(1 + sin 2Ψ cos ∆)2 . (2)

where θ is the incident angle of the beam, n and k represent the refractive index and the
extinction coefficient, respectively.

Figure 1. (a) 3D rendering and (b) picture of the home-built THz-TDSE setup. In (a) C, A,
and P represent the conductive wire-grid polarizers, where C = compensator, A = analyzer, and
P = polarizer.

Ellipsometric data have the highest precision in evaluating the optical response in
the vicinity of the Brewster angle (for almost transparent materials) or pseudo-Brewster
angle (for lossy materials) θB [31]. In our setup it can be shown that in measuring the
ellipsometric angles (Ψ and ∆) a minimum deviation occur (0.5° and 0.05° respectively)
close to θB [18]. This translates into a maximum relative error in the retrieved values of
the real and imaginary parts of material optical properties (i.e., the refractive index n and
the absorption coefficient k) of around 2% and 5%, respectively. The error evaluation has
been described in details in [18]. Consequently, θ is set at 65◦, close to the pseudo-Brewster
angle θB of pure synthetic urine (≃68◦ in this frequency range). Using TDSE we can
therefore achieve an accuracy comparable to chemical methods [2]. It is worth mentioning
that the error in concentration estimation is by far smaller than the error inherent in
the technique itself. All measurements were conducted under ambient conditions at a
controlled temperature (approximately 25 ◦C).

The entire process, from the signal emission and detection to the end of the retrieval
procedure to get the dielectric response of the liquid sample, takes less than a minute. At
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good reason therefore TDSE can be considered a fast technique for the uric acid detection
in urine.

3. Results and Discussion
We first measured the optical response of uric acid in powder form by examining the

mixed UA/PE (1:1 w/w) pellets. To this aim, we used the time-domain spectroscopic setup
in transmission mode, with the THz beam normally impinging on the sample surface. To
retrieve from the mixture the complex dielectric function of pure UA, ε̃UA, we applied a
Mean Field Theory (MFT) approach using the Landau formula [32].

ε̃UA =

[
ε̃−3

e f f − ε̃−3
PE

]3

σ3
UA

(3)

Here, ε̃e f f and ε̃PE are the complex dielectric function of the mixed medium (pellet) and

polyethylene, respectively, whereas the parameter σUA = [1 + ρUA(1−aUA)
ρPEaUA

]−1 is related
to the density of UA (ρUA), density of PE (ρPE), and weight fraction of UA (aUA) in the
mixed medium.

The refractive index n and absorption α (directly linked to the absorption coefficient k
through the relation α = 4πk/λ, λ being the electric field wavelength) frequency spectra of
pure UA are shown in Figure 2a and Figure 2b, respectively. As illustrated in the graphs,
uric acid has two strong and close absorption peaks at around 1.2 and 1.5 THz, which are
related to the out-of-plane and torsional vibrational modes, respectively, in the uric acid
cluster [33]. A third distinct peak is observed at around 2.4 THz, possibly originating from
a further intermolecular vibrational mode at a higher frequency [34].

Figure 2. (a) The absorption coefficient α and (b) refractive index n vs. frequency for pure UA
extracted by applying the MFT approach to the mixed pellet of UA/PE (1:1 w/w).

After this preliminary investigation, a set of liquid urine samples with uric acid was
tested using the setup in an ellissometric configuration. Figure 3a,b show, respectively,
the time-dependent p- and s-polarized components of the electric field reflected from
the surface of different liquid samples. The increase in the refractive index produces a
shift to the right in the time scale for both components, caused by the increased optical
path. The increase in the UA concentration in urine instead reduces the signal intensity
of the s-component only, whereas the p-polarized component is almost constant for all
samples. This reveals the fact that adding UA to urine does not substantially modify its
conductivity [31].
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Again, absorption and dispersion were measured as a function of frequency in the
0.3–1.2 THz spectral window with 0.007 THz resolution at different concentrations of UA
in urine (Figure 4).

The frequency dependence of the pure urine sample clearly resembles the behavior
observed in pure water [35]. The reduction in the frequency bandwidth with respect to the
pellet sample is due to the presence of water, which is highly absorptive in the THz region,
making the signal-to-noise ratio (SNR) extremely low. Adding UA to the solution (1, 2, 3
or 50 g/L) results in an increase in both α and (to a lesser extent) n. This is given by the
specific ability of uric acid to form hydrogen bonds with different components of urine,
such as urea and salts dissolved in solution [36–38].

Figure 3. The time-domain signals for (a) the p-polarized component and (b) the s-polarized compo-
nent reflected from the urine solution with different concentrations of uric acid.

Figure 4. (a) The absorption and (b) the dispersion frequency spectrum of urine solutions with
concentrations of 0, 1, 2, 3, 50 g/L of uric acid.

Consistent with common practice in the literature, our analysis will focus on the
absorption spectra of different solutions to maintain standard terminology and facilitate
a comparison with existing studies. Using this technique, the minimum detectable con-
centration of UA in urine is approximately close to the upper limit of the normal UA
concentration in 1 L of urine. Consequently, this method shows promise for the early-stage
diagnosis of renal diseases.

Deviation from the urine absorption by adding UA (∆α = αsolution − αurine) is shown
in Figure 5, indicating a clear and significant relationship between the concentration and
absorption coefficient; this emphasizes that as the concentration of uric acid increases, ∆α
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also increases. Immediately above the limit of the UA physiological level (0.6–0.7 g/L),
there is already a consistent change in the absorption values in the overall frequency range
investigated. The observed behavior can be employed to quantify the severity of renal
diseases. Presented data comprise the mean value of four frequency points (0.6, 0.7, 0.9, and
1 THz). In the inset, the same data are reported in a histogram plot and on a semi-log scale,
together with the highest concentration level given by the stock solution.

Figure 5. The variation ∆α in the urine solution as a function of the UA concentration for levels slightly
exceeding the physiological concentration. Presented data are the mean value of four frequency
points (0.6, 0.7, 0.9, and 1 THz). The hatched area represents instead the range of physiological
levels. The dashed line shows the linear dependence of the change in absorption as a function of
concentration. In the inset, the same quantity is plotted on a semi-log scale to show its change over
the full range of the UA concentration.

The dependence of the UA concentration on the change in the absorption response
is clearly linear in the low concentration region. Therefore, we can estimate the UA
concentration in urine based on its deviation ∆α from the absorption properties of pure
urine, representative of a healthy clinical baseline. This approach allows for a quantifiable
estimation of the stage of renal disease. The slope of the linear fit can be considered as a
quantity, which links the experimentally observed ∆α to estimate the UA concentration (c)
and hence the disease stage, as follows:

S = ∆α/∆C (4)

Data displayed in Figure 5 show that by using such a simple, reference-free THz technique,
we can quickly measure the content of UA in urine, starting from approximate physiological
levels to a high level of UA in urine and specifically targeting the detection of early-stage
renal disease (for concentration higher than 1 g/L). Since the minimum measurable change
in absorption is estimated to be in the order of cm−1 [28], data show that in the linear range,
the technique reaches a sensitivity in the detection of uric acid of approximately 0.2 g/L.
The inset presents data for all concentrations, including the stock solution, showing that the
technique is a reliable tool for detecting hyperuricosuria, which can be indirectly correlated
with different inflammatory states.

The method offers a reasonable sensitivity with less than a 5% error in the evaluation
of solutions’ absorption responses, which is comparable with the sensitivity of traditional
techniques while providing several non-trivial advantages, such as the following: simpler,
minimally time-consuming, cost-effective and less prone to environmental conditions [31].
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4. Conclusions
We introduce the THz ellipsometry technique as a fast, self-referenced, and accurate

alternative to traditional chemical and optical techniques for detecting uric acid as a urinary
biomarker. Time-domain spectroscopy is a label-free and cost-effective technique; it does
not require sophisticated instrumentation, specialized personnel or specific sample prepara-
tion; and it can be easily employed for routine clinical measurements. Our findings reveal
that due to the sensitivity of the technique to molecular vibrations, H-bond formation
signatures, and low-energy transitions, THz-TDSE offers a unique combination of non-
destructive analysis, sensitivity to molecular dynamics, high-resolution spectroscopy, and
comprehensive optical characterization, making it a powerful tool for early-stage disease
diagnosis. Its advantages over traditional chemical and optical techniques include a fast
process, deeper penetration, and detailed structural information. These features make THz-
TDSE particularly well suited for biomedical applications where detailed, non-destructive
analysis of biological samples is crucial, as in case of urinary biomarkers detection [39].
The experimental results show a clear correlation between the UA concentration and
changes in the absorption spectra, which can be estimated by the slope of a linear fit of the
concentration–response curve, validating the potential of this method for the early-stage
recognition and stage determination of renal diseases. The analysis of the refractive index
and absorption spectra indicates that as the concentration of UA increases, so does the
absorption coefficient. This trend sheds light on the capability of THz ellipsometry in quan-
tifying the UA concentration in urine. The method needs minimal sample preparation and
is easy to carry out in short time with high reliability. All these factors promote its practical
adoption in clinical applications. In addition, the technique achieves a detection sensitivity
close to the upper limit of normal UA concentrations in urine. This makes it a promising tool
for the non-invasive and rapid monitoring of early-stage kidney conditions like gout, hype-
ruricemia, and kidney stones. In a broader context, our THz ellipsometry-based approach
for uric acid detection complements similar emerging non-invasive diagnostic methods,
such as microwave reflectometry imaging for in vivo skin cancer detection [38]. There is a
growing body of evidence that novel electromagnetic wave-based technologies have the
potential to enhance the speed, accuracy, and accessibility of medical diagnostics, especially
in the mm wave region where many free-space measurement systems already exist [40].
The possibility to use various frequency ranges can provide complementary insights into
material properties and underscores the potential for cross-disciplinary advancements in
diagnostic and material characterization technologies.
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