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Abstract: In the last decade, terahertz (THz) technologies have been introduced to the detection,
identification, and quantification of biomolecules in various biological samples. This review focuses
on substances that represent important biomarkers in the urine associated with various cancers
and their treatments. From a diagnostic point of view, urine liquid biopsy is particularly important
because it allows the non-invasive and rapid collection of large volumes of samples. In this review,
the THz spectral responses of substances considered metabolic biomarkers in urine and obtained in
previous studies are collected. In addition, the findings from the relatively small number of prior
studies that have already been carried out on urine samples are summarised. In this context, we
also present the different THz methods used for urine analysis. Finally, a brief discussion is given,
presenting perspectives for future research in this field, interpreted based on the results of previous
studies. This work provides important information on the further application of THz techniques in
biomedicine for detecting and monitoring urinary biomarkers for various diseases, including cancer.

Keywords: terahertz spectroscopy; urinary biomarkers; metabolic biomarkers; cancer diagnostics;
biomolecules; non-invasive detection; biomedical detection

1. Introduction

The term “biomarker” first appeared in geology and was later transferred formally
to the biomedical field in the 1970s. The first scientific paper published in 1976 focused
on plasma biomarkers [1]. Only four years later, Webb and Lin published their research
with chromatography on urinary fibronectin, a potential biomarker for prostatic cancer
diagnosis [2]. However, biomarkers in biomedicine are important for early diagnosis,
treatment, and monitoring of the prognosis of various diseases [3–5]. Most biomarker
studies have been conducted on blood, as shown by the search results in the Web of
Science (WoS) database, which show that the scientific community is more focused on
blood biomarkers than urine biomarkers. When searching the scientific papers in the
database, we found more than 48,000 papers on blood biomarkers and only 12,325 on
urinary biomarkers, of which just over 3800 are focused on cancer (Figure 1A).

The hot topic on biomarkers today is liquid biopsy used as a minimally invasive
detection method for cancer molecular profiling of blood and other body fluids, including
urine, from which circulating metabolites, extracellular nucleic acids, circulating tumour
DNA, circulating tumour cells, and even exosomes (i.e., lipid bilayer membrane vesicles
released from most cells) can be isolated [6,7]. The urine liquid biopsy method is non-
invasive and particularly useful for screening various analytes and early detection of
urogenital cancers and various other malignancies [8]. One of the new techniques in liquid
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biopsy, promising in diagnosing and treating various diseases, is metabolomics, which
studies the end and intermediate metabolic products of a biological system (cell, organ
or whole organism) [9–11]. Individual metabolites can be linked to the characteristics of
specific diseases and can play a major role in the diagnosis and prognosis of disease. One of
the media containing end and intermediate metabolic products in humans is urine, which
is discussed in this work. Compared to blood, urine has a relatively low concentration of
proteins and a large number of low-molecular-weight compounds, i.e., metabolites, which
are the source of disease biomarkers [12].
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The last few decades have witnessed impressive advances in the development of new
analytical methods and sensors for diagnosing and monitoring various diseases via analysis
of metabolic biomarkers in body fluids that are moving in and/or out of the body. Among
them, the most used methods for urine sample analysis for metabolic biomarker detection
are nuclear magnetic resonance (NMR) spectroscopy [12–15] and mass spectrometry [16,17].
Mass spectrometry (MS) works by ionizing the biomolecules in the sample and then sepa-
rating them based on their mass-to-charge ratio. The resulting mass spectrum can be used
to identify the biomarkers present in the sample. The MS method is often combined with
gas chromatography (GC) or high-performance liquid chromatography (HPLC) [18–20].
HPLC works by passing the urine sample through a column that contains a stationary
phase, which separates the biomolecules based on their chemical properties. The sepa-
rated biomarkers can then be detected using a variety of methods, including UV detection,
fluorescence detection, or MS [21–23]. Also, some other spectroscopic techniques were ap-
plied for urinary metabolic biomarkers characterisation, such as Fourier transform infrared
(FTIR) spectroscopy [24–27] and Raman spectroscopy [28–30]. Still, the most used method
for biomarker analysis is enzyme-linked immunosorbent assay (ELISA) [31–33] and fluo-
rescence polarisation immunoassay (FPIA) [34–37]. ELISA involves the use of antibodies
that are specific to the biomarker of interest. The antibodies are immobilised on a solid
surface, such as a microplate, and the urine sample is added to the plate. If the biomarker
is present in the sample, it will bind to the antibodies, and the bound biomarker can be
detected using a colourimetric or fluorescent signal. FPIA works by irradiating reaction
mixtures containing fluorophore-labelled molecules with plane-polarised light and then
detecting the fluorescence generated by this irradiation. In general, FPIA is based on the
competitive binding of specific antibodies with the analyte under test and the fluorescently
labelled analyte. As it is a homogeneous analytical method, it does not require separation
of the resulting compounds and analyte concentrations can be determined within minutes.
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Recently, a lot of research has focused on biosensors and microfluidics, which have
several advantages over traditional analytical methods, such as fast real-time analysis,
minimal sample preparation and on-site or field measurements [38,39]. Electrochemical
biosensors detect biomarkers in urine samples based on their electrochemical properties.
The biosensor typically consists of an electrode coated with a biomolecule-specific receptor,
such as an antibody or aptamer. When the urine sample is added to the biosensor, the
biomarker of interest will bind to the receptor, causing a change in the electrical signal
that can be detected and quantified. Electro-optical technological solutions can also be
developed within the terahertz (THz) frequency band, which spans between mid-infrared
(MIR) and microwave regions. The THz frequency region is in the range of 0.1–10 THz and
the corresponding wavelength range is 30–3000 µm [40].

THz spectroscopy is a relatively new technique already used to analyse urine samples
and biomarkers. More than 50 publications were found in the WoS database by phrase
searching (Figure 1B). This method is popular in biomedicine due to several advantages:
low emissivity, low photon energy level and non-ionisation-related hazards to biological
samples. Furthermore, the THz spectroscopic technique detects the collective vibration
and rotation modes of complex molecules, which are compound-specific and can be used
to identify the presence of metabolites or other substances in liquid media like urine or
blood. The introduction of metamaterials (MM) in the THz band has opened additional
possibilities in the last ten years for new materials design that can sense bioactive substances
such as proteins and nucleic acids [41–48]. THz radiation was already used for the protein
concentration analysis considering non-proteinuria and proteinuria, which can indicate
certain diseases, such as kidney disease [49]. Furthermore, glucose content in urine linked
to diabetes [45] was also determined by THz radiation as well as nitriles in urine vapours
during chemotherapy [50]. Moreover, THz spectroscopy has been used to detect bacteria
species and other substances in urine samples [51,52].

All this initial research on urine samples opens new questions and possibilities for the
biomedical application of THz waves in detecting biomarkers in body fluids such as urine.
Although not much THz research has been conducted on the urine itself, there are many
results in the literature on metabolites present in urine that are important biomarkers for
various diseases, including cancer. For this reason, we have prepared this review, where
we present findings from a relatively small number of studies that have already been
performed on urine samples and then focus on metabolic biomarkers that occur in urine
and whose THz spectra have been reported in other studies. Several databases for urine
metabolites can be found on the web. The Human Metabolome Database (HMDB) provides
comprehensive reference information about human metabolites and their associated bio-
logical, physiological, and chemical properties [53]. The Urine Metabolome database [54]
is integrated into the HMDB and allows users to browse the data from different views,
such as metabolites, concentrations, and diseases. This database contains the complete set
of 3564 detected human urine metabolite species, their structures, concentrations, related
references in the literature, and links to their known disease associations. Collected data on
their THz responses can thus further enrich the already existing databases.

2. Urinary Metabolic Biomarkers in Cancer Diagnostics

The main chemical compounds of urine include metabolites (e.g., urea, uric acid, creati-
nine, bilirubin, glucose), proteins (e.g., albumin, cystatin) and different volatile organic com-
pounds (VOCs), which all act as urinary biomarkers for different diseases diagnosis [55,56].
Figure 2 outlines the different fields of study that address each group of urinary biomarkers.
The analysis of small molecules of metabolites present in urine samples is addressed by
so-called urinary metabolomics, which uses advanced analytical techniques such as MS
and NMR spectroscopy to identify and quantify metabolites in urine samples. Urinary
metabolomics is used to analyse a wide range of metabolites, such as amino acids, lipids,
and carbohydrates. By analysing metabolites in urine samples, researchers can gain insight
into the metabolic pathways and biochemical processes that are altered in response to
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different diseases or conditions. From a metabolomics point of view, urine is a biological
fluid that is difficult to fully understand due to its chemical complexity. Urine contains
residues of the metabolic breakdown of many foods, drugs, environmental pollutants,
metabolites of endogenous wastes and bacterial by-products [54]. The urine composition
often fluctuates between individuals or periods within the same individual. These fluctua-
tions indicate urine sensitivity, which reflects normal physiological changes in the body as
well as abnormal pathological changes.
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A recent metabolomics approach is “volatilomics”, which studies volatile organic com-
pounds (VOCs) produced in the human body, which can also be released in the urine [57].
VOCs are low-molecular-weight substances formed as end products of cellular metabolism
and have a high vapour pressure and a low boiling point (below 250 ◦C). Compared to
other types of metabolites, they do not need to be extracted before analysis as VOCs are
directly accessible in the gas phase and, therefore, require minimal sample preparation,
allowing for near real-time non-invasive monitoring. In pathological conditions, VOC con-
centrations change, or even new VOCs are formed from which certain disease conditions
can be identified or monitored [55].

Urinary proteomics is the identification and analysis of proteins present in urine [58–60].
Advanced analytical techniques such as mass spectrometry allow the identification and
quantification of proteins in urine samples. Changes in the levels of certain proteins in urine
indicate certain diseases or conditions, including kidney disease, cancer, and metabolic
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disorders. Urinary genomics focuses on the analysis of genetic material (DNA and RNA) in
urine samples. One of the compounds that can be analysed by urine genomics is cell-free
DNA (cfDNA) [61,62]. This is DNA that is released into the bloodstream and eventually
excreted in the urine. By analysing the cfDNA in urine samples, researchers can study
genetic variations and mutations associated with various diseases such as cancer and
genetic disorders. In addition to cfDNA, other genetic material present in urine, such as
microRNAs (miRNAs) and messenger RNAs (mRNAs), can be analysed within the so-
called urinary transcriptomics [63–66]. mRNA is RNA transcribed from DNA and carries
genetic information from the nucleus to the ribosomes, where it is translated into proteins.
These molecules can provide valuable information on gene expression patterns and be used
as biomarkers for diagnosing and predicting disease.

Urine metabolic profiling is particularly interesting for cancer diagnosis, prognosis,
and treatment monitoring because urine is a source of many metabolic biomarkers. Moni-
toring the levels of certain metabolites in urine makes it possible to detect the early stages
of various diseases and even to distinguish cancer patients from healthy subjects or benign
from malignant tumours. Many review articles on urinary metabolic biomarkers can be
found in the literature, including those dealing with urinary metabolomics in detecting
cancer biomarkers [8,38,56,60,67–69]. Urine is used for screening many types of cancer, not
just those related to the urogenital tract. Jordaens et al. systematically summarised all the
cancers that researchers worldwide have detected or tested for in urine samples [8]. The
list of cancers is depicted in Figure 3.
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2.1. Urinary Biomarkers Classification

The classification of urinary biomarkers is important for their development and clinical
application and for selecting an appropriate analysing method because different biomarkers
have different characteristics and functions. Some of them can be present at very high
or very low levels in urine samples from which the sensitivity of the selected analytical
method is dependent. Moreover, some biomarkers may be very specific to a particular
disease or condition, while others may be more general and present in multiple diseases
or conditions. By selecting the most appropriate analytical method for each biomarker
analysis, the accuracy and reliability of the results can be significantly improved.

There are several classes of biomarkers defined by the US Food and Drug Administra-
tion and the National Institutes of Health in the frame of Biomarkers, Endpoints, and other
Tools (BEST) [4,70]:
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• Diagnostic biomarkers: Detect or confirm the presence of a disease or condition or
identify an individual with a disease subtype. These biomarkers are used to identify
persons with the disease and redefine disease classification. One of the objectives is to
define a method for the validation of such biomarkers that ensures reliable, accurate
and reproducible measurement at low cost. By developing new and improving existing
measurement methods, understanding the values of individual diagnostic biomarkers
will be more reliable and easier to measure.

• Monitoring biomarkers: Allows serial measurements to assess a disease or health
condition to demonstrate exposure to or the effect of, a medical product or biological
agent. Achieving a more precise understanding of which changes in a biomarker
should signal a particular change in clinical course and decision-making is often
complex and often less precise than desired. Monitoring biomarkers is also important
to provide a safety threshold for drugs with potential organ toxicity and to measure
pharmacodynamic effects or to detect therapeutic responses and complications of
disease or therapy.

• Response biomarkers: A biomarker whose level changes in response to exposure
to a drug or environmental agent. It is used in clinical practice and in the early
development of therapies to provide evidence that a drug will be safe for use in
individuals with the target disease. Here, it is of critical importance that the measured
change in biomarker response provides a reliable signal for the expected therapeutic
response. It may also be that measurable biomarkers do not reflect the true pharmaco-
dynamic response.

• Predictive biomarkers: The presence or change in such a biomarker predicts the
individual or group of individuals more likely to experience a beneficial or adverse
effect from exposure to the medical product or environmental agent. In patients
randomly selected for treatment, differences in treatment outcome associated with a
difference in the presence, absence or level of the biomarker are measured.

• Prognostic biomarkers: Determine the likelihood of a clinical event, disease recur-
rence or disease progression in patients with a particular disease or condition. These
biomarkers are used to set entry and exclusion criteria for trials, to identify populations
at higher risk, and are particularly important for predicting an individual’s risk.

• Safety biomarker: Measured before or after exposure to a medical procedure or en-
vironmental agent to indicate the likelihood, presence, or magnitude of toxicity as
an adverse effect of treatment. They may also be used for population monitoring of
environmental exposures or post-exposure population monitoring.

• Susceptibility/risk biomarker: Indicates the possibility of developing a disease or
health condition in an individual who does not currently have a clinically apparent
disease or health condition or where the individual has not yet been diagnosed. These
types of biomarkers are the basis for epidemiological studies on disease risk.

2.2. Urinary Metabolic Biomarkers for Cancer Detection

Cancer is one of the leading causes of morbidity and death worldwide, imposing huge
costs on global public health. By using artificial intelligence algorithms, the predictions
show that cancer prevalence will increase significantly in the coming years [71,72]. One US
study predicted that, due to population growth and ageing, the annual number of cancer
cases in the US will increase by almost 50% by 2050, with the highest percentage increase
among adults aged ≥ 75 years. Cancers with the highest predicted absolute increases
include female breast, colorectal and prostate cancers [73]. Therefore, early detection of
cancer through the detection of biomarkers in biological fluids such as urine significantly
reduces mortality and increases patients’ life expectancy. Cancer pathogenesis involves
many molecular changes, including those at the level of metabolites, which are the end
products of gene and protein expression and the result of the interaction between the
genome and the internal environment [67]. As urinary metabolites represent the chemical
fingerprint of cellular metabolism, urinary metabolomics is emerging as a method for
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detecting metabolite biomarkers that can be used for early cancer detection, prognosis,
and response to cancer treatment. In this chapter, we summarise the cancers where the
detection of urinary metabolic biomarkers can be used for diagnosis.

2.2.1. Lung Cancer

Lung cancer is the second most common cancer in incidence, with a high mortality rate
worldwide. In most cases, it is often diagnosed at a late stage, when the metastatic phase has
already begun. This can be avoided by using urinary metabolites, which could be derived
from lung-cancer-specific pathways or altered metabolism caused by the presence of cancer
cells. Some examples of urinary metabolites acting as biomarkers discussed in scientific
papers focusing on lung cancer are tyrosine and tryptophan, hippurate, N-aceglutamide,
β-hydroxyisovaleric acid, α-hydroxyisobutyric acid, N-acetylneuraminic acid, 2-pentanone,
2-butanone, hexanol, pyrrole, cortisol sulfate, creatinine, creatine, valine, proline betaine,
taurine, and phenylalanine [74–76]. One promising class of urinary biomarkers for lung
cancer diagnosis could be low-molecular-weight volatile organic metabolites [77].

2.2.2. Breast Cancer

Breast cancer is the second most common cancer in the world and the most common
type of cancer in women. It is most commonly diagnosed using standard mammography
that exposes the patient to ionising radiation. Early diagnosis of breast cancer greatly in-
creases the chance of cure and survival. Therefore, non-invasive tests with high sensitivity
are needed, including urinary biomarkers that have appeared in recent years. The major con-
tributing metabolites identified are 8-OHdG, 1-methyladenoside, 1-methylguanosine, crea-
tinine, pyruvate, threonine, lactate, choline, serine, carnitine, glutamine, formate, alanine,
acetone, mannitol, glycine, citrate, taurine, betaine, histidine, hippurate, phenylalanine, suc-
cinate, valine, isoleucine, homovanillate, 4-hydroxyphenylacetate, 5-hydroxyindoleacetate,
and urea [78,79].

2.2.3. Bladder Cancer

Bladder cancer is the seventh most commonly diagnosed cancer worldwide every
year. Urine cytology, cystoscopy, and biopsy are currently used as standard procedures
for bladder cancer detection and monitoring its progression and recurrence. These tech-
niques have limitations such as low sensitivity, high costs, invasiveness, and pain. Thus,
a new non-invasive diagnostic approach is needed. One such option is by using urine
metabolomics biomarker screening. Some of the commonly used biomarkers for bladder
cancer are hippurate, histidine, lactate, succinate, phenylalanine, tyrosine, tryptophan,
leucine, isoleucine, valine, uric acid, carnitine, acetyl-CoA, adipate, gluconate, adenosine,
anserine, tyramine and taurine [67]. It is also interesting to note that in the case of bladder
cancer, three metabolites related to lipid metabolism, such as palmitoyl sphingomyelin,
phosphocholine and arachidonate lipids, have been detected in urine samples. However,
lipids are not extensively excreted in the urine [80].

2.2.4. Prostate Cancer

Prostate cancer is among the most frequently diagnosed types of cancer in men across
Western countries, with the highest rate in Japan and USA. At present, the detection of
prostate cancer is still an imprecise practice. There is still a high demand to find more
sensitive and specific biomarkers to improve its diagnosis and prognosis. Currently, a
blood screening test measuring the level of prostate-specific antigen (PSA) is the standard
test to identify patients with prostate cancer [81]. Several metabolites acting as urinary
biomarkers for prostate cancer diagnosis and prognosis were reported: proline, sarcosine,
kynurenine, uracil, glycerol-3-phosphate, leucine, L-lactate, L-alanine, guanidinoacetate,
phenylacetylglycine, glycine, creatinine, tyrosine, tryptophan, purine, sarcosine, cysteine,
taurine, alanine, androgen, and acylcarnitines [82,83]. Some volatile compounds typical
of prostate cancer patients are also likely to be present in the urine. For this purpose, four
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volatile organic compounds with a detection accuracy of 63–65% were studied, namely
2,6-dimethyl-7-octen-2-ol, pentanal, 3-octanone and 2-octanone [84].

2.2.5. Gastric Cancer

Currently, the standard diagnostic method for gastric cancer is gastroduodenal en-
doscopy, which is invasive and expensive. At an early stage, it is often asymptomatic; there-
fore, several urinary metabolites have been identified as new biomarkers for the early screen-
ing of gastric cancer: 2-hydroxyisobutyrate, 3-indoxylsufate, alanine, prostaglandin E2
metabolite (PGE-M), arginine, alanine, glycine, threonine, proline, tryptophan,
4-hydroxyphenylacetate, phenylacetyl glycine, aspartate, leucine, isoleucine, valine, citric
acid, malic acid, lactic acid, cholic acid, succinate, histidine, methionine, serine, aspartate,
taurine, tyrosine, lactate, and phenylalanine [85,86].

2.2.6. Kidney Cancer and Renal Cell Carcinoma (RCC)

Kidney or renal cell carcinoma is among the top ten most prevalent forms of cancer
and the second deadliest urinary tract disease, often asymptomatic and metastatic at
diagnosis. It is more frequent in men than in women. Most kidney cancers are usually
detected when investigating symptoms such as back or abdominal pain. Metabolomic
urine analysis is an ideal non-invasive tool to investigate this disease and can be used in
diagnostics before the first symptoms. Several metabolites were observed to be changed in
patients with RCC, such as folate, tryptophan, lysine, phenylalanine, biopterin, cortolone,
testosterone, acylcarnites and acylcarnitines. N’-formylkynurenine was recognised as the
most discriminated metabolite [67].

2.2.7. Colorectal Cancer

Screening programmes are used to diagnose colorectal cancer earlier, reducing mor-
tality rates and improving health outcomes for patients. These methods are often unsat-
isfactory, invasive or have poor diagnostic performance. The presence of certain metabo-
lites in urine can be effective in detecting this type of cancer: proline, glucose, sarcosine,
putrescine, kynurenine, diacetylspermine, 4-hydroxyproline, aspartic acid, citric acid,
aminoadipic acid, indole acetic acid, hippuric acid, butryric acid and 3-(3-Hydroxyphenyl)-
3-hydroxypropanoic acid (HPHPA) [87].

2.2.8. Pancreatic Cancer

Pancreatic cancer patients have a very low survival rate. The structure of pancreatic
tissue is complex and consists of exocrine and endocrine compartments that regulate the
secretion of different molecules, including metabolites. There are several metabolites whose
level in urine is increased in case of the presence of pancreatic cancer: acetoacetate, acetate,
leucine, glucose, 2-phenylacetamide, and some acetylated compounds, whereas the level of
citrate, creatinine, glycine, hippurate, 3-hydroxyisovalerate, trigonelline, is lower [67]. Also,
abnormal levels of other metabolites, e.g., glycolate, creatine myoinositol, hydroxyacetone,
choline, 2-aminobutyrate, urea and 2-oxoglutarate, were recognised in patient’s urine with
pancreatic cancer diagnosis [88].

2.2.9. Hepatocellular Carcinoma

Hepatocellular carcinoma is one of the leading causes of cancer-related deaths world-
wide. This cancer often occurs in people with chronic inflammatory liver disease associated
with viral infections (e.g., chronic hepatitis B and C), toxic (alcohol and aflatoxin), metabolic
(diabetes mellitus, haemochromatosis, and non-alcoholic fatty liver disease) and immune
factors (autoimmune hepatitis and primary biliary hepatitis). Due to the unavailability of
appropriate biomarkers for early diagnosis of this type of cancer, the prognosis is rather
poor [67]. Significant metabolites discriminatory for HCC are creatinine, creatine, car-
nitine, glycine, hippurate citrate, methionine, pyruvate, indole-3-acetat, 2-oxoglutarate,
trimethylamine-N-oxide, adenosine, inosine, glutamine, xylitol [67,89,90].
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2.2.10. Endometrial and Ovarian Cancer

Endometrial cancer has the highest incidence among gynaecological cancers in West-
ern countries. In recent years, the number of diagnosed cases of endometrial cancer has
been steadily increasing. Endometrial cancer is usually diagnosed at an early stage, where it
shows symptoms such as abnormal vaginal bleeding or discharge. The diagnosis is usually
confirmed by biopsy or hysteroscopy, which is invasive [91]. Amino acids, lipids and
hormonal metabolites have all been suggested to have potential as diagnostic biomarkers
for endometrial cancer diagnostics. Several metabolic biomarkers are porphobilinogen,
acetylcysteine, N-acetyserine, urocanic acid, and isobutyrylglycine [92,93]. Ovarian tu-
mours can be diagnosticated through the following biomarkers: 3-dehydroquinic acid,
3-indolelactic acid, S-reticuline, selenocystathionine, 1-(1Z-hexadecenyl)-sn-glycero-3-3-
phosphate, N-acetylneuraminic acid, 3-sialyl-N-acetyllactosamine and 3-sialylactose [94].

2.3. Selection of Metabolic Biomarkers for THz Spectroscopy Profiling of Urine

As already presented in the previous chapter, many metabolites in urine can be used
and analysed as biomarkers for various cancer diagnostics. For instance, amino acids as
the building blocks of proteins and organic acids produced during the breakdown of fats,
carbohydrates, and proteins with their abnormal levels in urine can indicate metabolic
disorders. Lipids that are fats and fat-like substances also can express abnormal levels in
urine. Polyamines, i.e., organic compounds involved in cell growth and differentiation, are
also present in urine and can indicate certain types of cancer. Moreover, some hormones
can be excreted in urine and used as biomarkers for certain conditions. Abnormal levels of
nitrogenous wastes, such as ammonia and uric acid, produced during protein breakdown
can indicate certain metabolic disorders. According to several already published systematic
reviews on urinary metabolic biomarkers for oncological disease detection [8,56,67,76],
we prepared a list of 22 chemical compounds in Table 1. The selected compounds will be
considered in this review to contribute to the development of a library of THz responses of
urinary metabolites that have the potential to be used as urinary biomarkers. This review
considers their THz response and unique spectral characteristics obtained in previous
experimental studies (THz spectra are reprinted from articles published under Open Access
or with permission from the publisher). The cancer-type data for each compound found in
urine are taken from the HMDB database.

Table 1. THz spectra of metabolites that may act as urinary biomarkers.

Urinary
Biomarker

Compound
Class

Cancer Type
(HMDB) THz Spectrum Reference

Acetone Ketones
Breast cancer
Lung cancer
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Table 1. Cont.

Urinary
Biomarker
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Class

Cancer Type
(HMDB) THz Spectrum Reference
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Table 1. Cont.

Urinary
Biomarker

Compound
Class

Cancer Type
(HMDB) THz Spectrum Reference
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Table 1. Cont.

Urinary
Biomarker

Compound
Class

Cancer Type
(HMDB) THz Spectrum Reference
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Table 1. Cont.

Urinary
Biomarker

Compound
Class

Cancer Type
(HMDB) THz Spectrum Reference
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Table 1. Cont.

Urinary
Biomarker

Compound
Class

Cancer Type
(HMDB) THz Spectrum Reference

L-Valine

Amino acids

Lung cancer
Colorectal cancer
Bladder cancer
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Various spectroscopic methods have been used over the years for analysing urinary
biomarkers. These techniques are used to identify and quantify various compounds
present in urine that can serve as biomarkers for certain diseases or conditions, including
the diagnosis of cancer and the monitoring of its progression or the effect of treatment in an
individual. Some commonly used spectroscopic techniques for urinary biomarker analysis
are listed below and summarised in Table 2. Each of these techniques has its advantages
and limitations, and the choice of technique will depend on the specific biomarkers being
analysed and the analytical requirements of the study. Therefore, these spectroscopic
techniques are often complementary and used in combination with each other. In addition,
they are frequently used with different methods of separation and preparation of urine
samples in biomarker detection.

• Ultraviolet–visible (UV-Vis) spectroscopy: This is a commonly used method for de-
tecting biomarkers in urine samples. It involves measuring the absorbance of light in
the UV-Vis range by the biomolecules present in the sample. It can quantify certain
biomolecules in urine that absorb light in this spectral range. UV spectroscopy is
widely used for protein quantification because it is fast and convenient, can be per-
formed directly on the sample without adding an external label, and provides a linear
relationship between concentration and absorbance [21,112].

• Infrared (IR) spectroscopy: In IR spectroscopy, the absorption of IR radiation excites
vibrational transitions in molecules. Since the vibrational frequency and the probabil-
ity of absorption depend on the strength and polarity of the vibrating bonds, they are
affected by intra- and intermolecular interactions. The position of the IR absorption
band is determined by the vibrational masses and the type of bonding (single, double,
triple), as well as the effects of electron uptake or donation from the intra- and inter-
molecular environment and coupling to other vibrations. From the IR spectrum, it is
possible to obtain information on the chemical structure of the vibrating group, the
chemical properties of neighbouring groups in the molecule, the redox state, bonding
parameters, hydrogen bonding dynamics, conformations, and others. In general, all
polar bonds contribute to IR absorption, so it is not necessary to specifically label
biomolecules to detect them. Due to the complexity of biomolecules, their IR spectra
are challenging to analyse because of overlapping IR bands [112]. Therefore, they are
often combined using computers and statistical computational systems, which help to
obtain spectra quickly and make them easily interpretable [27]. Analytical techniques



Photonics 2023, 10, 1051 16 of 36

that rely on molecular vibrations are Raman spectroscopy, Fourier transform infrared
(FTIR) spectroscopy and THz spectroscopy.

• Nuclear magnetic resonance (NMR) spectroscopy: Besides mass spectrometry, NMR
spectroscopy is the most useful method for a global view of the human metabolome.
The advantages of NMR spectroscopy are the reusability of samples, high reproducibil-
ity and minimal sample preparation requirements [113]. NMR spectroscopy has been
widely used for multidimensional metabolic profiling of cells, tissues, and biological
fluids. These studies produce complex multivariate datasets that require visualisa-
tion software, chemometrics and bioinformatics methods for interpretation. These
methods can be used to take biochemically based fingerprints to diagnose and classify
diseases [13]. This method is based on the interaction of magnetic fields with the
atomic nuclei in the biomolecules present in the sample. NMR spectroscopy can be
used to identify the chemical composition of the biomolecules and to detect changes
in the biomolecule structure due to disease or other factors. It is particularly beneficial
for identifying small molecules, metabolites, and other organic compounds in urine.

• Fluorescence spectroscopy: This method is based on the emission of light by the
biomolecules present in the sample when they are excited by light of a specific wave-
length. In most cases, the emitted light has a longer wavelength and lower energy
than the absorbed radiation. In chemical analysis, the sample is often irradiated
in the UV or visible range, resulting in fluorescence in the visible or near-infrared
range. Because of the method’s sensitivity, it is possible to measure concentrations
of fluorescent molecules as low as 1 part per trillion. Fluorescence spectroscopy can
be used alone or in conjunction with high-performance liquid chromatography as a
detector [112]. Typically, analyte molecules do not emit strong luminescence, so the
analyte is usually modified with a fluorophore to facilitate their analytical detection.
Fluorescence spectroscopy can be used to identify the biomolecules present in the
sample and can be used to detect changes in the biomolecule structure due to disease
or other factors.

Table 2. Spectroscopic techniques used for the analysis of urinary biomarkers.

Spectroscopic Technique EM Spectrum Range Main Advantages Use in Biomarker Analysis

UV-Vis spectroscopy 200 to 800 nm

fast and convenient
performed directly on the sample
without adding an external label
provides a linear relationship
between concentration
and absorbance

protein, enzyme and
metabolites quantification

IR spectroscopy 2500 to 15,000 nm

without biomolecule labelling
rapid interpretation of the data
obtained, combined with the use
of computers and statistical
computing systems

vibrational transitions
in molecules
intra- and intermolecular
interactions/bonds
presence of specific functional
groups in molecules

NMR spectroscopy
0 to 1000 MHz

(depending on the nuclei
being analyzed)

reusability of samples, high
reproducibility and minimal
sample preparation requirements

identify chemical composition
and changes in the structure of
urinary biomarkers
multidimensional metabolic
profiling of cells, tissues, and
biological fluids

Fluorescence spectroscopy
300 to 800 nm

(depending on the
used fluorophores)

high sensitivity and selectivity
(using specific fluorescent probes
or markers)

detect and quantify biomarkers
like antibodies, antigens, or
specific proteins
detect changes in the
biomolecule structure
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Several IR spectroscopic methods are used for biomarker detection in urine samples in
far-, mid- and near-infrared regions [27,114–116]. The IR spectral range covers wavelengths
from 780 nm to 1000 µm, which can be further subdivided into the near-infrared (NIR)
range from 780 nm to 2500 nm, the mid-infrared (MIR) range from 2500 nm to 50 µm and the
far-infrared (FIR) range from 50 µm to 1000 µm [112]. In the last region, THz bioanalytical
sensing is also included, using THz radiation to investigate the interaction between THz
waves and biomolecules. These techniques allow for label-free and non-destructive probing
of biological samples at the molecular level. Thus, THz bioanalytical sensing holds great
promise for understanding biomolecular interactions, studying biological structures, and
detecting disease biomarkers [117–119]. As research in this area continues to advance,
it is expected to contribute significantly to various applications in biomedical sciences
and diagnostics.

Since the first published reports in which THz generators and detectors
appeared [120–122], continuous research and development in photonics and electron-
ics over the last 30 years have contributed to the development of THz systems that open
up applications in various fields of medicine, chemistry and biology. The wide bandwidth
in the THz range, even up to 20 THz [123], allows insight into the structure of chemical
substances with micrometre resolution. The first optoelectronic THz transmission imaging
was made in 1995 by Hu and Nuss [124], who imaged biological materials like plant leaves
and human skin samples. Thus, they showed that THz waves could penetrate and interact
with biological tissues, providing valuable insights into the sample’s internal structure and
properties. This early research opened new possibilities for THz imaging in biomedical
applications, including non-invasive imaging and diagnostics of biological tissues. Since
then, THz imaging has become an important tool in medical imaging due to its unique
capability to probe biological and material properties without ionizing radiation [125–128].

THz-based biosensing techniques have already been used for urine analysis and
biomolecule detection. The research results are summarised in the next chapter, whereas in
the following paragraphs and in Table 3, we outline the systems that have been used in
previous analytical studies on urine samples in the THz frequency range:

1. Attenuated Total Reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy [26]:
ATR-FTIR is a powerful bioanalytical tool suitable for the unlabelled, rapid, non-
destructive and relatively inexpensive analysis of biomolecules and molecular compo-
nents in liquids such as urine. ATR-FTIR technology is also available as a portable
device, ideal for biomedical applications. It can measure specific vibrational modes
of molecules such as carbohydrates, proteins, lipids, metabolites, DNA and RNA
without extensive sample preparation. The obtained IR spectrum can be used to
identify the sample’s biomolecules and detect changes in the biomolecule structure
due to disease or other factors. It provides information about the chemical bonds
and functional groups present in a sample. ATR-FTIR is used instead of FTIR when
the investigated sample does not produce strong or clear signals due to their limited
interaction with the IR radiation. This method uses an attenuated total reflectivity
(ATR) crystal made of a material that interacts strongly with IR light and is in contact
with the sample’s surface. As a result, IR light can penetrate the sample to a small
depth (typically a few micrometres), producing an evanescent wave that interacts
with the sample and the attenuated total reflectance spectrum is measured. The
evanescent wave penetration allows for better sensitivity, particularly for samples
with low absorbance or small quantities.

2. Terahertz Time-Domain Spectroscopy (THz-TDS): A technique that involves generat-
ing/detecting short THz pulses and measuring the electric field of the transmitted or
reflected signal as a function of time after passing through the sample. The THz detec-
tor and generator are critical components for successful data acquisition and analysis.
THz-TDS systems with photoconductive antennas (PCAs), inorganic (e.g., GaP or
ZnTe) and organic (DAST, DSTMS) electrooptic crystals are mainly applied for bioan-
alytics [129,130]. The same short optical pulse is used to produce (pump) and detect
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(probe) THz radiation. THz-TDS allows simultaneous measurement of the amplitude
and phase of the THz field, from which real and imaginary optical constants such as
absorption coefficient and refractive index can be calculated without Kramers–Kronig
relations. This represents a significant advantage over FTIR spectroscopy. The basic
working principle of the THz-TDS system is shown in Figure 4a. When a THz wave
passes through a material, it is partially absorbed, and the transmitted or reflected
signal is detected and analysed. A reference measurement must be performed before
the sample is measured to obtain a reference spectrum (e.g., an empty space in a par-
ticular atmosphere or sample carrier or the sample itself before experimentation). This
is followed by the measurement of the investigated sample. The ratio of the reference
spectrum to the sample spectrum is an expression from which the refractive index,
absorption coefficient and sample thickness can be determined. By Fourier transform-
ing the recorded signal into the frequency domain, this spectroscopic technique can
provide additional information on the molecular structure, including the presence of
functional groups, degree of crystallinity, molecule conformation, intramolecular and
intermolecular dynamics [131]. Compared to FTIR spectroscopy, THz spectroscopy
can provide information on the low-frequency vibrational modes of biomolecules,
such as the collective vibrational modes of amino acids, proteins and carbohydrates,
which are not accessible by FTIR spectroscopy [132]. THz-TDS can be applied to study
the vibrational modes of metabolites, enabling researchers to identify and quantify
specific metabolites in biological samples. This technique is also used for 2D and
3D imaging of materials. The amplitude image is captured by placing it on the top
of the THz pulse and then performing a raster scan of the sample. With amplitude
imaging, only detection is possible, but not identification and classification, which
requires a recording of the entire pulse profile at each selected point on the sample,
thus providing a large amount of information about compounds and molecules in the
frequency domain [104].

3. THz-attenuated total reflection (THz-ATR) spectroscopy [51]: A method that acquires
the THz signal of a sample attached to an ATR prism using evanescent waves that
are concentrated within a few tens of microns of the prism surface. The signal is
derived from THz radiation focused on the prism at its critical angle. The sample
is placed in direct contact with the ATR crystal. Like THz-TDS, a femtosecond laser
system generates short pulses of THz radiation. Compared to THz-TDS, THz-ATR
spectroscopy is more sensitive in measuring highly absorbing biological samples. The
THz-ATR system is depicted in Figure 4c. It is used for analysing samples that do
not transmit THz radiation well, such as highly absorptive or scattering samples and
samples with limited thickness, such as thin films, coatings, and surfaces.

4. Far infrared (FIR) microspectroscopy [133]: Also known as THz microspectroscopy,
this is an analytical technique used to study the molecular composition and properties
of materials in the THz region. In the context of metabolic biomarkers, FIR microspec-
troscopy can be applied to analyse metabolic fingerprints or profiles of biological
samples. Different metabolic patterns may be associated with specific diseases or
conditions, allowing for potential biomarker discovery. FIR microspectroscopy is a
complementary technique and is often used in conjunction with other analytical meth-
ods to provide a more comprehensive understanding of biomarkers and their roles
in various biological processes and disease states. This method is used for chemical
imaging of heterogeneous samples as it provides simultaneous information on their
composition and morphology, i.e., the distribution of their constituents. It is more
suitable for the analysis of rough samples, such as cross-sectioned urinary stones,
because of the reduced diffuse reflectance and sample thickness.

5. Photonic-crystal-based biosensor [134]: A method that is based on a photonic crystal
(PC), which consists of periodic dielectric or metal-dielectric nanostructures that have
alternating low and high dielectric material constants (refractive index), which affect
the propagation of electromagnetic waves within the structure. Based on the variation



Photonics 2023, 10, 1051 19 of 36

of the refractive index in one, two and three directions, PCs are classified into three
types, namely one-dimensional (1D), two-dimensional (2D) and three-dimensional
(3D) PCs. 2D PCs have a simple structure, small size, and high light confinement
and are more suitable for the analysis of urine samples compared to 1D and 3D PCs.
The design of such a square grid biosensor is shown schematically in Figure 4d. The
sensor comprises two inverted “L” waveguides and a ring resonator. The inverted “L”
waveguide is created by introducing line defects, while the ring resonator is designed
with line/point defects. The rod radius, lattice constant and dielectric constant are the
structural parameters of the sensor.

6. Non-stationary THz high-resolution spectrometer [50]: A method that can be applied
to gases and vapours of liquids (e.g., urine) after evaporation or thermal decompo-
sition. The advantages of this method are real-time measurements, easy-to-obtain
samples, unique identification of a wide range of detectable compounds and suitability
for any patient regardless of their state. This spectrometer is based on semiconductor
superlattice multipliers (SSLM) with input from sources such as a Gunn diode and
a backward oscillator (BWO). Superlattices are very efficient for frequency multi-
plication from the sub-THz to THz range but require complex gold resonators for
the transmitter and detector, which limits frequency tuning, increases the cost of
the device, and reduces the output power. Therefore, there is great potential for
further improvements of these devices with on-chip integration. With a non-linear
mechanism responsible for frequency amplification in the SSLM, control of the input
power for monitoring the vapour composition of urine can be achieved. Compared
to quantum cascade lasers, which are an efficient source of MIR spectra, this method
works efficiently in the THz range without cryocooling and in the low THz range. A
schematic showing an experimental set-up where the radiation source and detection
are based on SSLMs is shown in Figure 4b.

7. THz time-domain spectroscopic ellipsometry (THz-TDSE) [135–137]: Using this
method, THz pulses are incident at an angle close to the Brewster angle of the inves-
tigated material. Both p- and s-polarizations of the reflected waves are separately
measured. Although not employed specifically for urine samples yet, THz-TDSE
may be considered a potentially interesting technique for biomarker detection in
urine, as it applies to highly absorbing materials such as aqueous samples [135] that
are not easily studied by conventional THz-TDS in transmission mode. In addition,
compared to THz-TDS in reflection mode, THz-TDSE does not require reference
measurements, which may be subject to significant errors due to the high sensitivity
to very small displacement errors. In the optical/IR range, ellipsometry is a widely
used and established technique to study the optical properties and thicknesses of thin
films but requires a rather complex analysis due to the non-coherent detection in this
range. This can be avoided by combining the coherent detection in THz-TDS and
ellipsometry [135]. Therefore, THz-TDSE allows for determining the complex optical
properties (refractive index and absorption) of highly absorptive samples without
measuring reference signals.

8. Free Electron Laser (FEL)-based THz sources [138,139]: The most powerful sources in
the THz wavelength range. They can produce extremely bright, coherent, wideband,
tunable ultra-short pulses that are not achievable with other techniques. The FEL
THz source working principle is based on the interaction of a relativistic electron
beam and a periodic magnetic field structure called an undulator or a wiggler. The
undulator forces the electrons to wiggle transversely, emitting photons of radiation
that are monochromatic but incoherent. The radiation is amplified by an optical
cavity or an external laser, creating a feedback loop that modulates the electron energy
and density. This leads to a coherent emission of tunable radiation, powerful (pulse
energies up to 100 µJ with peak electric fields up to 1 MV/cm), and ultra-short (pulses
of few picoseconds or less). The FEL THz source can generate radiation in the 1 to
30 THz frequency range, which is useful for various applications such as imaging,
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spectroscopy, and material research. The detection techniques used for high-intensity
THz waves generated by FELs are electro-optic (EO) sampling, field-streaking, or,
more recently, THz Air Breakdown Coherent Detection (ABCD). FELs can enable
novel investigations into complex systems, time-dependent interactions, and material
dynamics in the THz range. Example applications are in non-linear physics (high en-
ergies), polarisation-sensitive imaging, metamaterial-based sensing, and spectroscopy
of biomolecules. FELs can overcome the limitations of conventional THz sources,
such as low power, narrow bandwidth, poor coherence, and lack of tunability. They
can also overcome the challenges of THz detection, such as low sensitivity, slow
response, and high noise. FELs can provide high spatial resolution and penetration
depth for imaging biological samples, as well as high spectral resolution and sensi-
tivity for identifying molecular signatures. They can also enable label-free and non-
invasive analysis of biological samples, as well as dynamic and functional imaging of
biological processes.

Table 3. Methods that can be applied in analytical studies on urine samples in the THz frequency range.

THz Method Main Advantages Usability in Urinary Biomarkers Analysis

ATR-FTIR spectroscopy

unlabeled, rapid, non-destructive and relatively
inexpensive analysis
portable device
without extensive sample preparation
better sensitivity, particularly for samples with low
absorbance or small quantities

identify biomolecules
detect changes in the biomolecule structure
identify chemical bonds and
functional groups

THz-TDS spectroscopy

simultaneous measurement of the amplitude and
phase of the THz field
absorption coefficient and refractive index
calculations without Kramers–Kronig relations

sample thickness
molecular structure, including the presence
of functional groups, degree of crystallinity,
molecule conformation, intramolecular and
intermolecular dynamics
2D and 3D imaging of materials
spectroscopic imaging

THz-ATR spectroscopy more sensitive in measuring highly absorbing
biological samples

analysing highly absorptive or scattering
samples and samples with limited thickness

FIR microspectroscopy

complementary technique
to other analytical methods
simultaneous information on composition
and morphology
analysis of rough samples

molecular composition and properties
of materials
analyse metabolic fingerprints or profiles of
biological samples
chemical imaging of heterogeneous samples

Photonic crystals-
based biosensor

high sensitivity to changes in the surrounding
refractive index or the presence of specific molecules
highly selective, target and detect particular analytes
or biomolecules of interest in complex samples
operate with very small sample volumes
can be integrated into lab-on-a-chip devices and
microfluidic systems

detect changes in refractive index on
their surfaces
concentration measurement
real-time monitoring of binding events
miniaturization

Non-stationary THz
high-resolution

spectrometer

real-time measurements
easy-to-obtain samples
unique identification of a wide range of
detectable compounds
suitability for any patient regardless of their state
without cryocooling in the low THz range

analysis of gases and vapours of liquids after
evaporation or thermal decomposition

THz-TDSE
applicable to highly absorbing materials such as
aqueous samples
no reference measurements

study the complex optical properties and
thicknesses of thin films
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Table 3. Cont.

THz Method Main Advantages Usability in Urinary Biomarkers Analysis

FEL-based THz system

powerful sources
coherent emission of radiation that is tunable,
powerful and ultra-short
radiation in the 1 to 30 THz frequency range
high spatial resolution and penetration depth
for imaging
high spectral resolution and sensitivity for
identifying molecular signatures
label-free and non-invasive analysis

dynamic and functional imaging of
biological processes

Photonics 2023, 10, x FOR PEER REVIEW 22 of 37 

Figure 4. THz systems for urine samples analysis: (a) THz-TDS [49], (b) high-resolution THz system 

for urine vapour analysis [50], (c) THz-ATR [51] and (d) bio-sensor based on 2D photonic crystal 

ring resonator used for detection of glucose in urine [134]. 

4. Terahertz Spectroscopic Analysis of Urine

THz spectroscopy and imaging are relatively new technologies that promise to ana-

lyse a wide range of biological samples such as tissues, cells, and body fluids. THz spec-

troscopy has already been applied in experiments on human body liquids: blood 

[140,141], plasma [142], saliva [143–145], urine [50,146], and sweat [21,147,148]. In urine, 

THz spectroscopy can be used to analyse the molecular composition of the sample. More 

specifically, it can identify and quantify the presence of different molecules like proteins, 

carbohydrates, and lipids. In addition to molecular analysis, THz imaging can detect and 

visualise abnormalities in urine samples, such as the presence of crystals, stones, or other 

foreign bodies. As such, THz spectroscopy and imaging have the potential to be a valuable 

disease diagnostic tool for analysing liquid biological samples in a non-invasive and label-

free manner. However, further research is needed to validate the diagnostic and prognos-

tic value of THz spectroscopy and imaging for urine sample analysis. However, the major 

limit is the complex chemical composition of human body liquids, which usually contain 

various substances. Therefore, the signal-to-noise ratio (SNR) for the absorption peaks of 

target substances is very small, and the target substances are hard to identify [149]. In this 

review, we summarise THz spectroscopic research that has been conducted on urine sam-

ples till now. Also, all past studies are summarised in Table 4 at the end of this chapter. 

Xue et al. compared the absorption spectra of proteinuria and non-proteinuria [49]. 

They first measured and calculated the THz absorption coefficient for water and urine 

samples (Figure 5a). The absorption coefficient of water is higher in comparison to urine, 

which indicates that the THz absorption coefficient is sensitive to some contents in urine. 

With THz-TDS, they found a significant difference in the absorption coefficient between 

proteinuria and non-proteinuria, where the protein in the urine and water in the solvent 

play a key role (Figure 5b). Proteinuria samples with increased protein concentration have 

Figure 4. THz systems for urine samples analysis: (a) THz-TDS [49], (b) high-resolution THz system
for urine vapour analysis [50], (c) THz-ATR [51] and (d) bio-sensor based on 2D photonic crystal ring
resonator used for detection of glucose in urine [134].

4. Terahertz Spectroscopic Analysis of Urine

THz spectroscopy and imaging are relatively new technologies that promise to analyse
a wide range of biological samples such as tissues, cells, and body fluids. THz spec-
troscopy has already been applied in experiments on human body liquids: blood [140,141],
plasma [142], saliva [143–145], urine [50,146], and sweat [21,147,148]. In urine, THz spec-
troscopy can be used to analyse the molecular composition of the sample. More specifically,
it can identify and quantify the presence of different molecules like proteins, carbohy-
drates, and lipids. In addition to molecular analysis, THz imaging can detect and visualise
abnormalities in urine samples, such as the presence of crystals, stones, or other foreign
bodies. As such, THz spectroscopy and imaging have the potential to be a valuable disease
diagnostic tool for analysing liquid biological samples in a non-invasive and label-free
manner. However, further research is needed to validate the diagnostic and prognostic
value of THz spectroscopy and imaging for urine sample analysis. However, the major
limit is the complex chemical composition of human body liquids, which usually contain



Photonics 2023, 10, 1051 22 of 36

various substances. Therefore, the signal-to-noise ratio (SNR) for the absorption peaks
of target substances is very small, and the target substances are hard to identify [149]. In
this review, we summarise THz spectroscopic research that has been conducted on urine
samples till now. Also, all past studies are summarised in Table 4 at the end of this chapter.

Xue et al. compared the absorption spectra of proteinuria and non-proteinuria [49].
They first measured and calculated the THz absorption coefficient for water and urine
samples (Figure 5a). The absorption coefficient of water is higher in comparison to urine,
which indicates that the THz absorption coefficient is sensitive to some contents in urine.
With THz-TDS, they found a significant difference in the absorption coefficient between
proteinuria and non-proteinuria, where the protein in the urine and water in the solvent
play a key role (Figure 5b). Proteinuria samples with increased protein concentration have a
greater absorption coefficient than non-protein urine samples. Moreover, they investigated
the effect of pH (6.0–9.0) on the analysis of proteinuria (Figure 5c) and monitored the
changes in absorption coefficient when adding β2-microglobulin and albumin into the
urine samples (Figure 5d) to verify the ability of THz-TDS to distinguish different kinds
of proteinuria. β2-microglobulin is a biomarker of various neoplastic, inflammatory, and
infectious conditions [150], whereas albumin is a diagnostic and prognostic biomarker to
evaluate the degree of severity of glomerular diseases in the progression of chronic kidney
disease and acute kidney injury [151]. They found that the absorption coefficient of the
urine sample at different pH values is not changed by THz-TDS, which means that THz-
TDS can be applicable also under alkaline conditions. Both investigated proteins showed
significant differences in the absorption coefficient due to differences in conformation and
molecular weight. Finally, the study confirmed that the THz-TDS method can be used for
the detection of proteinuria with the ability to discriminate between different proteinuria
(renal tubular proteinuria and glomerular proteinuria).

Some other experimental study on albumin was conducted by Yang et al., who have
found a certain type of relationship between THz spectrum data and urinary albumin
content [152]. They observed that the refractive index in the THz range changed in urine
samples with proteins, even if the protein concentrations were below 100 mg/L. This
confirms that THz-TDS can discriminate whether urine contains protein or not. Moreover,
Emaminejad also investigated the albumin and some other urine components and their
concentrations by a novel tuneable THz biosensor based on metamaterials [45].

Li et al. used THz spectroscopy to analyse the vibration and rotation of homocysteine
with different concentrations. Homocysteine is an amino acid related to cardiovascular
disease, senile dementia, and other diseases. If the homocysteine metabolizing pathways
are inhibited due to enzymatic defects or vitamin deficiencies, the concentration level of
homocysteine in plasma or urine increases over its normal concentration level, which is
in urine 3.5–9.5 µmol/L [153]. Homocysteine has two absorption peaks at 1.29 THz and
1.93 THz (Figure 6), which can be used to determine the chemical compound in mixtures as
well as to detect the concentrations of homocysteine in samples accurately. In human urine,
there are many other amino acids and other chemical compounds, which also have their
own THz spectral peaks and may superpose with the homocysteine peaks.

The dielectric constant also changes with glucose concentration in urine [45]. Toshiba
Research Europe Ltd. started a project in 2001 together with physicists and biochemists
to develop a medical spectroscopic system that could be used to analyse biological sub-
stances at clinically relevant concentrations in biological samples such as blood, urine
and cerebrospinal fluid [154]. Examples of such substances are glucose, urea, creatinine,
and cholesterol. Since then, many studies have been focused on glucose evaluation with
THz systems. For example, Robinson and Dhanlaksmi designed a photonic crystal ring
resonator biosensor to detect the concentration of glucose over the range of 0–15 gm/dl
in urine at a 1550 nm wavelength, which is equal to 193 THz [134]. With this approach
also, the concentration of other urinary compounds can be determined, e.g., albumin, urea,
and bilirubin. Caixeta et al. monitored the glucose levels in urine also by attenuated total
reflection FTIR (ATR-FTIR) spectroscopy [26]. The experiment was performed on urine
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samples of non-diabetic, diabetic, and diabetic insulin-treated rats. The absorbance spectra
in the frequency range of 12–120 THz for urine samples collected from each rat species
are presented in Figure 7. The changes in absorption are related to urea, creatinine, and
glucose content. In addition, using univariate or multivariate analysis, the glucose status
in the urine can be obtained, showing the potential of ATR-FTIR as a novel non-invasive
approach to diabetes screening and monitoring.
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THz absorption spectroscopy can be used to analyse a wide range of gas molecules,
including VOCs and other gases produced by biological processes. These gases can indi-
cate specific diseases or conditions, such as kidney disease and urinary tract infections.
Vaks et al. measured acetone concentrations in urine samples of diabetes patients [155]
at around 150 GHz. Results confirmed that sub-THz radiation can be used to determine
metabolites-markers sets in vapours of biological liquids like urine when characterizing
diabetes presence. Furthermore, in another research, they investigated the composition
of thermal degradation products in urine samples from cancer patients before and after
chemotherapy, with the aim of identifying biomarkers that reflect the impact of platinum-
based chemotherapy on the human body [146]. For example, in the case of kidney failure
induced by platinum-based chemotherapy, changes in serum creatinine levels and cre-
atinine clearance occur [50]. Multi-component gas mixtures were investigated, namely
rotational spectral lines and low-frequency vibrational spectra of molecules in the THz
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frequency range. The spectra of the gases show absorption lines, a unique feature of
certain gaseous substances in the multicomponent gas mixture under investigation. The
complex of metabolites formed by the thermal degradation of the sample was identified
and the gaseous content of the thermal degradation products of urine obtained from sick
and conditionally healthy individuals was compared. Similar research was conducted on
urine samples, where nitriles appeared or their level in urine increased after chemother-
apy [50]. The absorption spectra for the nitrile example, i.e., isobutyronitrile, alkylthiol,
and ethanethiol, are shown in Figure 8. The detected nitriles are candidates for biomark-
ers in urine that can be used for further large-scale systematic testing of nephrotoxicity
of chemotherapy at an early stage of treatment when conventional diagnostics cannot
detect significant organ damage. Nitriles are present in urine because of biochemical
reactions associated with chemotherapy-related kidney damage. The used THz device
allows spectroscopy differently than other devices, e.g., THz-TDS and FTIR. This THz
system allows a range of four different frequency bands for a general assessment of most
substances in the liquid and the selection of a spectral interval that bypasses the strong
absorption lines of substances such as water and ammonia, which may otherwise obscure
the detection of target metabolites. In another paper, the same authors studied the con-
tent of thermal degradation products in urine samples from rats with artificially induced
dysbacteriosis [156].
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Some experiments were also conducted on tissues linked with the urinary tract and
conditions like urolithiasis, which is linked with forming urinary stones. Kidney tissue
samples were investigated by THz spectroscopy and imaging methods. The THz absorption
spectra of different organic tissues are shown in Figure 9E. In contrast, the THz image of
kidney tissue is visible in Figure 9B, and it was obtained by recording the peak-to-peak
values. The THz method was used to determine the water content of organic tissues [157].
The water content of kidney tissues was determined by a simple calculation considering
the absorption coefficients of fresh and lyophilised tissues and water. The measured
water content was compared with the difference in weight of the tissues before and after
lyophilisation (Figure 9D). In the case of kidney tissue, a poorer agreement was observed in
comparison to other organic tissues because, unlike other organs, the kidney has a special
structure made up of several micron-sized Bowman’s capsules containing urine (noticeable
in micrography in Figure 9C), which act as THz scatterers and increased the THz absorbance
of a kidney. Kidney tissue was also studied using high-resolution gas THz spectroscopy to
examine diabetic and non-diabetic biological samples [142]. The kidney tissue was dried
and shaped into pellets and then vaporised. The vapours containing the mixture of gaseous
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products from thermal decomposition were detected by THz high-resolution spectroscopy
in the frequency range of 118–178 GHz. In addition, a set of gas markers characteristic of
diabetes was revealed by analysis of the absorption lines appearing in the vapour spectra
of the samples. The molecular content of the gaseous products of thermal decomposition
differed between diabetic and non-diabetic samples. Acetone, which occurs in diabetic
renal tissue, was identified as the main biomarker.
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ilisation (Figure 9D). In the case of kidney tissue, a poorer agreement was observed in 

comparison to other organic tissues because, unlike other organs, the kidney has a special 

structure made up of several micron-sized Bowman’s capsules containing urine (noticea-

ble in micrography in Figure 9C), which act as THz scatterers and increased the THz ab-

sorbance of a kidney. Kidney tissue was also studied using high-resolution gas THz spec-

troscopy to examine diabetic and non-diabetic biological samples [142]. The kidney tissue 

was dried and shaped into pellets and then vaporised. The vapours containing the mix-

ture of gaseous products from thermal decomposition were detected by THz high-resolu-

tion spectroscopy in the frequency range of 118–178 GHz. In addition, a set of gas markers 

characteristic of diabetes was revealed by analysis of the absorption lines appearing in the 

vapour spectra of the samples. The molecular content of the gaseous products of thermal 

decomposition differed between diabetic and non-diabetic samples. Acetone, which oc-

curs in diabetic renal tissue, was identified as the main biomarker. 

Figure 8. Experimental detection of the absorption spectral line of (A) isobutyronitrile near
fc = 145.9481 GHz and (B) ethanethiol near fc = 148.01327 GHz measured in a patient’s urine sample
before (solid, red) and after (solid, blue) chemotherapy, compared to a reference measurement from a
healthy individual (dashed, green) [50].
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Figure 9. (A) Visible image, (B) THz images and (C) microscopy image of the surgically extracted
kidney; (D) comparison of the water fractions calculated using weights (bar) and THz absorption
coefficients (red point); and (E) THz absorption coefficients of lyophilised organic tissues with
the inset figure showing a magnified graph of the absorption coefficients of organs from 0.8 to
1.2 THz [157].

Engdahl used reflection infrared microspectroscopy for multi-spectral IR chemical
imaging of cross-sectioned urinary stones to determine their chemical composition and
morphology through the distribution of the constituents. He recorded THz absorption
spectra of urinary stones containing uric acid and calcium oxalate in the frequency range of
4.5–20 THz. Furthermore, FIR chemical images of the cross-sectioned urinary stone showed
the distribution of uric acid and calcium oxalate within the sample [133].

In recent years, there has been a growing interest in methods that allow rapid and
accurate identification of microorganisms in body fluids such as urine. In this field, THz
spectroscopy has shown its unique advantages as a new way to detect bacteria [158–161].
Yu et al. presented THz-ATR as one of the methods that allow rapid and label-free identifica-
tion of microorganisms by an automated recognition method based on voting with multiple
classifiers [51]. Using THz-ATR spectroscopy, they were able to classify microbial strains
into three different groups of microorganisms (Gram-positive bacteria, Gram-negative
bacteria, and fungi), as shown in Figure 10. Microbial strains, including E. coli, P. aeruginosa,
C. albicans, C. tropicalis, and E. faecalis were isolated from clinical samples of sputum, blood,
urine, and faeces. The accuracy of the proposed method for 1123 different specimens
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exceeds 80% when classifying into three classes. Compared to traditional biochemical
assays, the time consumption for the identification/classification of bacterial isolates can
be reduced by at least 10 h.
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Figure 10. (A) THz absorption spectra of 13 species of microbial isolates; (B) THz absorption spectra
of Gram-positive bacteria (red), Gram-negative bacteria (green), and fungi (black); (C) PCA of THz
spectra for Gram-positive bacteria (red), Gram-negative bacteria (green), and fungi (black) [51].

Table 4. Summary of past studies focusing on analysing urine samples with THz systems.

Chemical
Compound THz Method Frequency Band Sample Preparation Research Purpose Reference

β2-microglobulin
and albumin THz-TDS 0.5–1.2 THz 17.7 µL proteinuria qualitative

detection [49]

albumin PCA-ZnTe
based THZ-TDS 0.2–1.8 THz 0.1 mm thick film of

the liquid sample
Protein concentration

in urine [152]

homocysteine THz-TDS 0.2–2.8 THz
0.14 mol/L in the form
of a 1 mm thick tablet

mixed with PE

absorption spectrum
of homocysteine under

different
concentrations

[153]

glucose, albumin,
urea

MM biosensor
based on split-
ring resonators

Tuneable:
0.2–2 THz
193 THz

5–100 µm
sample thickness
500 (nm/RIU) at

1–2 THz
136 (µm/RIU) at

193 THz

concentration of
glucose, albumin, and

urea in urine
[45]

glucose
photonic crystal
ring resonator

biosensor
193 THz of 0–15 gm/dl concentration of

glucose [134]

acetone high-resolution
THz spectroscopy 151.647 GHz NA acetone concentrations [155]

multicomponent
gas mixture

high-resolution
THz gas

spectroscopy
(free-damping
polarisation)

150.537 GHz and
151.647 GHz NA

composition of
thermal

decomposition
products of urine
before and after
platinum-based
chemotherapy

[146]

urea, creatinine,
and glucose ATR-FTIR 4000–400 cm−1

(12–120 THz)
Aqueous solutions dry
at room temperature

Glucose levels in rat
urine samples [26]
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Table 4. Cont.

Chemical
Compound THz Method Frequency Band Sample Preparation Research Purpose Reference

nitriles

high-resolution
spectrometer

based on Gunn
generators and
semiconductor

superlattice
multipliers and

mixers

4 distinct
frequency ranges:

118–178 GHz
336–345 GHz
560–575 GHz
784–805 GHz

1–2 mL urine was first
frozen and dehydrated
to form a thin film or
crystallised residue,

which was then
evaporated and heated

dynamics of urine
composition for cancer

patients treated
with chemotherapy

[50]

Gram-positive
bacteria,

Gram-negative
bacteria, and fungi

ATR-THz 0.1–5.0 THz

isolates from clinical
samples of urine,

diameter of 7 mm and
a thickness of 100 µm

microbial
identification from

urine samples
[51]

urinary stones
FIR

microspectroscopy
in reflection mode

4.5–20 THz cross-sectioned
urinary stone

urinary stone structure
and chemical
composition

[133]

water content

transmission-
mode THz-TDS

and
reflection-mode

THz imaging

0.2–2.0 THz

Fresh and lyophilised
fresh kidney tissues

from Sprague
Dawley rat

measuring water
contents in

kidney tissue
[157]

sulfur compounds
(methanethiol)

formic acid

THz-TDS
THz

high-resolution gas
spectrometer

0.2–1.4 THz
(THz-TDS)

118 to 178 GHz
(gas spectrometer)

vapours samples of
dried rat kidney tissue

in a pellet form

molecular content of
rat kidney tissue
during thermal

decomposition to
distinguish diabetic
from non-diabetic

samples; absorption
rotational spectra

of vapours

[9]

lysozyme (from
hen egg

white lysozyme)
mouse urinary

protein

NA (THz-TDS
assumed) 0.6–4.5 THz

lyophilised powders
and single-crystal

proteins in a
pellet form

THz frequency
response at different
concentrations and

temperature

[162]

5. Conclusions and Future Directions for Detection of Urinary Metabolic Biomarkers
by THz Systems

In this paper, we present some of the different THz methods that can be used for the
analysis of urine samples, also in terms of qualitative and quantitative determination of
urinary metabolic biomarkers associated with different oncological conditions. With these
methods presented, the reader can gain a basic understanding of approaches to perform
studies in the biomedical detection of metabolites present in urine or urine vapour based on
THz spectroscopy. As can be observed from the summary of past studies, few publications
can be traced to the identification of biomarkers in actual biological samples such as urine.

Finally, in the discussion, we give our perspectives for future research in this field
interpreted from the results of previous studies:

• Different labelling agents can be used to specifically improve the detection of metabo-
lites in urine by THz spectroscopy, but this will lead to sample distortion. Adding
different reagents to urine samples requires different time and financial costs. This
still limits the use of THz spectroscopy in medical biomarker diagnostics.
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• Different AI algorithms can extract effective information from large amounts of spec-
troscopic information regarding urine constituents, but some useful information may
be lost in the process.

• Further optimisation of THz systems is necessary, especially in terms of signal-to-noise
and frequency resolution improvement, to increase the sensitivity of detection and
increase the frequency bandwidth to improve the selectivity for various substances
since the signal of the target substance can still be overlaid with the signals of other
substances in the urine samples. Urine samples contain components such as water,
protein, lipids, fibres and other organic constituents, and target substances such as
metabolic biomarkers often only occupy a small proportion, so the signal-to-noise
ratio is very important for the detection of absorption peaks of target substances.

• For non-invasive cancer diagnosis, human liquid secretions such as urine are of
increasing interest as the sample collection is very fast and non-invasive. It is easy to
collect urine even at home, without the assistance of medical staff, with no restrictions
on quantity and reproducibility. However, using urine for liquid biopsy requires the
determination of pre-analytical parameters such as urine type, urine fraction, collected
volume, collection method, preservation, collection time, etc. All these parameters can
influence the THz spectroscopic measurements and the interpretation of the obtained
results. Therefore, from this point of view, it is of utmost importance that future THz
studies on urine samples are carried out, also considering all factors that may affect
the reliability, validity, and reproducibility of the results. The influence of exogenous
substances on urinary metabolites such as water, drugs, and food, which can cause
strong interferences in THz urinalysis, must also be considered. An interesting THz
study would be to investigate the influence of diet on urine metabolomics, which
can certainly show changes in the THz spectra and the calculation of the absorption
coefficient and refractive index.

• Although obtaining urine samples is a simple and non-invasive process, the way
these samples are stored and handled requires specifics. For example, one THz study
suggested that urine samples should be quickly stored in a medical refrigerator and
analysed within a day [152]. This may eliminate the effects of prolonged storage of
samples on the THz measurement itself. Sometimes, urine in liquid form is difficult
to analyse, and urine samples should also be pre-treated using different methods of
filtering, cleaning and drying [153], which can simplify the detection of metabolic
biomarkers in solutions such as urine.

Cancer metabolomics, where researchers analyse the metabolic profile of cancer pa-
tients to identify potential biomarkers for their early detection, prognosis, and response to
treatment, will become an increasingly interesting topic in future THz research. However,
it should be stressed that the use of THz methods in the determination and identification of
urinary metabolites as a diagnostic marker for cancer is still in its early stages of exploration,
although some studies have already shown promising results. Further research and clinical
trials are needed to establish the reliability and accuracy of THz methods and results in the
diagnosis and treatment of cancer based on urinalysis. In the future, we can expect the use
of biosensors for self-monitoring of urine and other body fluids to be part of regular health
monitoring. As the THz frequency range offers a unique insight into intramolecular and
intermolecular interactions, biosensors in the THz range may be one of them.
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