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Abstract

The widespread presence of microplastics (MPs) has emerged as a major One Health
concern due to their increasing detection in human tissues and biological fluids. Within
an integrated One Health research program, analytical workflows were developed to
detect MPs across biological matrices. Kidney stones represent an unexplored pathological
biomineral that may preserve evidence of long-term exposure. This pilot study evaluated
the application of a Fourier-transform infrared microspectroscopy (µ-FTIR) workflow for
detecting MPs in human kidney stones. Sixty kidney stone samples were examined for
MPs. Suspected particles identified by stereomicroscopy were chemically characterized by
µ-FTIR. Particles were detected in 8 of 60 kidney stone samples. µ-FTIR analysis identified
confirmed polyethylene terephthalate (PET), polyethylene (PE), polypropylene (PP), and
polyurethane (PU) particles. Additional particles showed absorption bands compatible
with polyvinyl chloride (PVC). This study demonstrates the applicability of a µ-FTIR
workflow for detecting MPs in pathological biominerals and provides preliminary evidence
of their presence in kidney stones. These findings support the use of kidney stones as
a novel matrix for One Health biomonitoring and provide a methodological basis for
future studies integrating urine, organoids, and multi-omics approaches to investigate the
biological significance of microplastic exposure.

Keywords: microplastics; kidney stones; nephrolithiasis; µ-FTIR spectroscopy

1. Introduction
Urolithiasis is one of the most common urological diseases worldwide, and its inci-

dence is steadily increasing [1]. According to the Global Burden of Disease 2021 study,
approximately 106 million new cases of urolithiasis occurred worldwide in 2021, with
men accounting for approximately two-thirds of cases. Although the absolute number
of incident cases increased by 26.7% between 2000 and 2021, the global age-standardised
incidence rate decreased by 17.5%, indicating marked heterogeneity in disease trends. The
highest age-standardised incidence rates were observed in Eastern Europe, Central Asia,
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and Andean Latin America. Recent epidemiological evidence indicates that kidney stone
formation results from the interaction of demographic, metabolic, dietary, lifestyle, climatic,
and environmental factors [2]. Prevalence has increased in the past decades, with values
ranging from 1% to 20% [3]. Environmental factors may contribute to this risk; in particular
higher ambient temperatures can increase fluid loss and urinary concentration, thereby
favouring stone formation [4]. Recent evidence also suggests a possible association between
environmental pollutants and kidney stone disease, particularly exposure to heavy metals
such as cadmium and arsenic [5]. These observations support further investigation of
emerging environmental contaminants, such as micro- and nanoplastics, and their potential
relevance to urinary tract health. The mechanisms underlying kidney stone formation are
still not fully understood.

The process of crystal deposition and stone formation is a complex physico-chemical-
biological phenomenon. The classical theory of stone formation is based on the concept
of urinary supersaturation: when the concentration of lithogenic salts, such as calcium
oxalate, calcium phosphate, or uric acid, exceeds the solubility threshold, crystal nucleation
occurs, followed by crystal growth and aggregation [6].

Although this model remains fundamental, supersaturation alone does not fully
explain lithogenesis, since crystallization may also occur in individuals who do not develop
clinically relevant nephrolithiasis. Additional mechanisms, including crystal retention,
epithelial interaction, and the presence of anchoring structures, are therefore considered
essential for stone development [7].

One of the most important contributions in this field was made by Alexander Randall
in the 1940s, when he described the presence of hydroxyapatite deposits at the level of the
renal papillae, later termed “Randall’s plaques.” According to this theory, these plaques act
as an initial nidus on which calcium oxalate crystals subsequently deposit, promoting stone
growth. The theory of Randall’s plaques has since been confirmed by modern endoscopic
and histopathological techniques, highlighting the importance of these lesions in stone
formation. Alongside the Randall’s plaque theory, the hypothesis of “Randall’s plugs” has
also been proposed. According to this concept, crystals form within the ducts of Bellini
under conditions of high urinary supersaturation, obstructing the tubules and creating
a favorable substrate for the development of attached stones, which may subsequently
detach and grow into clinically significant calculi [8].

Another area of interest concerns the role of high-molecular-weight urinary compo-
nents, particularly proteins and glycosaminoglycans involved in kidney stone formation.
Certain proteins, such as uromodulin (Tamm–Horsfall protein), osteopontin, and other
urinary glycoproteins, may act either as inhibitors or, under specific physico-chemical
conditions, as promoters of crystallization. In particular, conformational changes or varia-
tions in urinary pH may favor their function as a “biological glue,” facilitating the mutual
adhesion of microcrystals and their stabilization on renal epithelial surfaces. This suggests
that the organic matrix of the stone is not merely a secondary byproduct, but rather an
active component in the pathogenesis of nephrolithiasis, directly interacting with crystals
to promote or inhibit stone formation [9].

Over the last decade, MPs have attracted increasing scientific attention as emerging
environmental contaminants with potential implications for human health, animal health,
and the environment [10]. Initially investigated mainly as pollutants of marine ecosystems,
MPs are now recognized as widespread contaminants across multiple environmental
compartments [11]. Their presence in water, sediments, aquatic organisms, food products,
air, and drinking water has progressively shifted the field from environmental monitoring
to human exposure assessment and biomonitoring [12]. Human exposure may occur mainly
through ingestion and inhalation and, to a lesser extent, through dermal contact.
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Most larger particles are likely to pass through the gastrointestinal tract and be elim-
inated in feces, whereas smaller particles, particularly nanoplastics (NPs), may interact
with epithelial barriers and reach the circulation. Inhaled particles can also deposit in the
respiratory tract and may contribute to systemic exposure. MPs have been detected in
human blood [13] and in several tissue suggesting that at least some particles may cross
biological barriers and reach internal compartments, although the extent of systemic uptake
in humans remains uncertain [14]. The kidney may therefore represent an important site of
exposure, and MPs have recently been identified in human kidney tissue [15]. MPs have
also been detected in human urine, supporting the possibility of urinary elimination [16].
The presence of MPs in urine does not necessarily demonstrate glomerular filtration, and
the mechanisms responsible for their renal handling remain unclear. However, the mecha-
nisms governing their absorption, distribution, persistence, and potential biological effects
remain incompletely understood. This uncertainty is particularly relevant for solid bio-
logical structures, such as pathological mineral deposits, where exogenous particles may
theoretically become entrapped over time.

In this context, a novel hypothesis is emerging regarding the role of MPs present in
urine. Recent studies have provided preliminary evidence of MPs in the urinary system
and in kidney stones. MPs have been detected in human urine, indicating that some
particles can reach the urinary tract, although their biological fate remains uncertain [16].
More recently, MPs were identified in human kidney stones, demonstrating their presence
within urinary calculi. However, this finding does not establish whether MPs contribute to
stone formation or are incorporated into stones after their formation [17,18]. Experimental
studies provide additional evidence for a possible biological effect. In cellular and animal
models, polystyrene nanoplastics enhanced renal tubular injury and promoted calcium
oxalate crystal deposition [19]. Thus, human studies currently demonstrate the presence
of MPs in urine and kidney stones, whereas experimental studies suggest a potential role
in stone related renal injury. Whether MPs contribute to the initiation or progression of
kidney stones in humans remains to be established.

Although their direct involvement in lithogenesis has not yet been demonstrated, the
detection of MPs within kidney stones raises the question of whether these particles may
be passively incorporated during stone growth or may actively participate in some phases
of the lithogenic process.

Due to their irregular morphology and high surface reactivity, MPs rapidly bind
biological macromolecules to form a stable “protein corona” in protein rich biofluids, as
demonstrated in gastrointestinal and systemic environments [20,21]. Extrapolating this
mechanism to the urological context, MPs excreted or localized in the urinary tract could
theoretically undergo similar protein coating, especially under conditions of proteinuria
or tubular damage. This microplastic protein complex could subsequently facilitate the
adhesion and aggregation of urinary crystals, serving as a nucleation core for crystal
deposition within the kidney stone matrix. The physicochemical properties of MPs may
also contribute to their interaction with urinary crystals. However, the presence of MPs
within kidney stones does not demonstrate that they act as nucleation sites, and this
possibility remains to be confirmed experimentally.

Although still speculative, this hypothesis opens new perspectives for research
into the possible link between environmental pollution and the increasing incidence of
urological diseases.

In the present pilot biomonitoring study, we analyzed kidney stone samples obtained
from patients undergoing surgical treatment or from individuals who spontaneously
expelled renal calculi.
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Using stereomicroscopic examination followed by micro-Fourier transform infrared
spectroscopy (µ-FTIR), we investigated the presence, morphology, localization, and poly-
meric composition of suspected microplastic particles embedded within kidney stones.
This study aimed to provide preliminary evidence on the incorporation of MPs into urinary
calculi and to support future investigations on their potential role in stone formation.

2. Materials and Methods
2.1. Chemicals

Water was purchased from Biosolve (Biosolve Chimie, Dieuze, France). Ethanol was
purchased from Carlo Erba (Carlo Erba Reagents srl, Milan, Italy). All reagents were of an-
alytical grade or higher. Silver membrane filters were purchased from Sterlitech (Sterlitech
Corporation, Auburn, WA, USA). Gold-Coated Microscope Slides were purchased from
Platypus Technologies (Madison, WI, USA). Cellulose nitrate filters were purchased from
Sartorius (Sartorius AG, Gottinga, Germany).

2.2. Kidney Stones Collection

In our laboratory, routine kidney stone analysis includes a morpho-constitutional
evaluation, as previously described in our 2018 study [22]. During the initial phase of the
morphological assessment, particular attention was paid to the identification of possible
non-crystalline particles within the calculi for further characterization. Over the past five
months, this approach was applied to 60 kidney stone samples submitted for routine analy-
sis, obtained either from patients undergoing extracorporeal lithotripsy or from individuals
who had spontaneously expelled renal calculi. Each sample was morphologically examined
using a stereomicroscope. In the case of stones obtained after extracorporeal shock wave
lithotripsy, all available fragments were examined. In the case of intact stones, the external
surface was first inspected, and the stone was subsequently sectioned to expose the internal
regions, including the nucleus and intermediate layers.

To minimize the risk of contamination, kidney stones were rinsed with pre-filtered
water before analysis. Particles located on the external surface of the stones were not
considered for µ-FTIR characterization. This distinction between surface particles and
particles embedded within the internal regions of the stone was considered essential to
reduce the risk of false-positive identification due to environmental or handling-related
contamination. Surface particles were excluded because they were considered more likely
to derive from collection, transport, or laboratory manipulation. Conversely, particles
entrapped within the nucleus or intermediate layers of the stone were considered more
informative for evaluating possible incorporation during stone growth; therefore, only par-
ticles firmly embedded within the crystalline structure and identified after stone sectioning
or fragmentation, specifically in the nucleus or intermediate layers of the calculus, were
selected for further analysis.

The portion containing the suspected microplastic particle was transferred into a
glass container using metal forceps. All procedures were performed under a laminar flow
hood, and the samples were stored at −80 ◦C until analysis. Subsequently, the remaining
portions of the calculi were analyzed by attenuated total reflectance (ATR) spectroscopy
(PerkinElmer, Shelton, CT, USA) to determine their biochemical composition. The study
protocol was approved by the Ethics Committee and conducted in accordance with the
Declaration of Helsinki.

2.3. Quality Assurance and Quality Control

Throughout all procedures, including sample collection, storage, and analysis, preven-
tive measures were adopted to minimize the risk of exogenous microplastic contamination.
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Operators wore cotton laboratory clothing and latex gloves. Sample handling and stor-
age procedures were carried out under a laminar flow hood dedicated exclusively to this
specific analysis. All glassware, reflective slides and metal instruments were thoroughly
cleaned with 70% ethanol and pre-filtered water before use and dried in an oven.

Procedural blanks were included in each analytical session. Specifically, whenever a
reflective slide was used for sample analysis, an additional clean reflective slide was used
as a procedural blank and left exposed under the laminar flow hood (Arredi Tecnici Villa
S.p.A., Caronno Pertusella, VA, Italy) throughout the entire experimental procedure. At the
end of the analytical session, the blank slide was inspected using both a stereomicroscope
and the optical microscope coupled to the infrared spectrometer in order to verify the
absence of contaminating MPs from the working environment.

To minimize contamination, kidney stones were rinsed with filtered water upon arrival
and subsequently stored in Pyrex glass containers (SciLabware Limited, Stoke-on-Trent,
Staffordshire, UK). Although samples were initially transported in polystyrene falcon tubes,
no polystyrene particles were identified among the detected MPs. To evaluate potential
contamination from the tubes, three falcon tubes filled with filtered water were maintained
for 1 h at room temperature, corresponding to the maximum sample handling time. µ-FTIR
analysis of the filtered water revealed no polystyrene particles, indicating that sample
transport in falcon tubes did not contribute detectable contamination.

2.4. Identification and Characterization of MPs
2.4.1. Analysis by Stereomicroscope

The kidney stone samples were analyzed using a stereomicroscope (SMZ 168—Motic,
Cabrera de Mar, Barcelona, Spain) and observed at different magnifications (from 7.5× up
to 50×). In the case of kidney stones obtained after extracorporeal shock wave lithotripsy
(ESWL), all available fragments were studied while for intact stones after surface ob-
servation the kidney stone was dissected and the internal parts were visualized in the
search for MPs. Visual inspection of the kidney stone samples was conducted under a
stereomicroscope within a laminar flow hood to prevent external contamination. Dur-
ing stereomicroscopic examination, suspected particles were evaluated according to their
morphology, color, relationship with the surrounding crystalline material, and degree of
adhesion or entrapment within the stone matrix. Particles located on the external surface,
without evidence of incorporation into the stone matrix, were excluded from further analy-
sis. When a suspected particle was identified within an internal region of the calculus, the
corresponding stone fragment was isolated using stainless steel forceps and transferred for
spectroscopic characterization. The investigated particles were classified in according to
their shape and color.

2.4.2. Analysis by µ-FTIR

Subsequently, the collected MPs were identified using a PerkinElmer Spectrum Two
FTIR spectrometer equipped with a Spotlight 200i microscope (PerkinElmer, Shelton,
CT, USA). The detector type was liquid nitrogen-cooled mercury cadmium telluride, all
particles were analyzed with a magnification of 10×, and the spectral region investigated
was from 4000 to 600 cm−1 at resolution 4 cm−1. Particles that adhered well to the slide
were analyzed by micro-attenuated total reflectance Fourier-transform infrared (µ-ATR-
FTIR) spectroscopy (PerkinElmer, Shelton, CT, USA), whereas particles that did not allow
sufficient contact with the ATR crystal were deposited onto reflective substrates, such as
gold coated slides or silver membrane filters, and analyzed in Fourier-transform infrared
microspectroscopy in reflectance mode (µ-FTIR reflectance). A background spectrum was
collected before every analysis: for µ-ATR-FTIR analysis, background spectra were collected
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in air, while for µ-FTIR reflectance mode, background spectra were acquired using a gold
or silver mirror.

After spectrum acquisition using the functions available in the Perkin Elmer Spectrum
software (version 10.6.2), baseline correction was performed using the same software to
obtain spectra suitable for spectral matching. Subsequent spectral preprocessing was
performed directly through the OpenSpecy web interface before spectral comparison.
Prior to library matching, spectra were preprocessed using the built-in functions Conform
Wavenumbers, Min–Max Normalize, and Smoothing/Derivative, using the default settings
provided by OpenSpecy.

Spectra were recorded by means of a Perkin Elmer Spectrum version 10.6.2.
Following µ-FTIR data acquisition, spectral interpretation was performed through

a three-step workflow. First, the spectra were visually examined to identify the main
diagnostic absorption bands, which were assigned by comparison with characteristic
bands reported in the literature. Second, spectral identification was supported using the
OpenSpecy web interface [23,24]. Prior to library matching, spectra were preprocessed
using the built-in Conform Wavenumbers; Min–Max Normalize and Smoothing/Derivative
functions. The processed spectra were then compared with the OpenSpecy reference
spectral library, and the best match value and the corresponding material class were
recorded. Finally, the results obtained from the automated library search were critically
evaluated against the visual interpretation of the spectra and the literature data. Therefore,
OpenSpecy 1.0 was used as a complementary tool to support material identification rather
than as the sole basis for spectral assignment. Polymer assignments were considered
confirmed when the diagnostic µ-FTIR absorption bands were consistent with the expected
polymer and OpenSpecy matching supported the same material class. An acceptable match
was assigned when visual inspection of the spectrum showed at least three characteristic
absorption bands and a spectral library match value >0.7. A good match was assigned
when at least three characteristic absorption bands were present and the spectral library
match value was >0.8. Spectrum samples exhibiting at least three characteristic bands of
a given polymer, but for which spectral library matching did not yield a corresponding
result, were classified as putative and interpreted with caution.

This criterion was particularly relevant for particles analyzed in µ-FTIR reflectance
mode, because the OpenSpecy database is largely based on reference spectra acquired in
µ-ATR-FTIR mode, which may reduce the accuracy of automated library matching when
applied to reflectance spectra.

2.5. Biochemical Composition of Kidney Stones

The spectroscopic analysis was performed by Spectrum two-Perkin Elmer Spectrom-
eter (Perkin Elmer, Shelton, CT, USA) with an attenuated total reflectance (ATR) acces-
sory(Perkin Elmer, Shelton, CT, USA). The stones were powdered and put onto the diamond
crystal of the ATR accessory. The spectrum was recorded in the wave number range of
4.000–400 cm−1 with a 4 cm−1 resolution. The ATR crystal was cleaned with distilled water
and ethanol before every acquisition. The acquired spectra were subsequently compared
using the spectral library search function of the Spectrum software (kidney stone spectral
library), which matches the unknown spectrum against reference spectra contained in the
library over the range of 4000–400 cm−1. A report was then generated identifying the
different stone components and their relative spectral matches.

3. Results
MPs were identified in 8 of 60 kidney stone samples including confirmed polyethy-

lene terephthalate (PET), polyethylene (PE), polypropylene (PP), and polyurethane (PU)
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particles. Three additional particles showed spectral features compatible with polyvinyl
chloride (PVC), for this reason classified as putative (p-PVC). Considering only confirmed
polymer identifications, MPs were detected in 5 of 60 samples (8.3%; 95% CI: 2.76–15.89%).
When p-PVC particles were included, the overall prevalence was 8 of 60 samples (13.3%;
95% CI: 5.94–24.59%). This positivity rate should not be interpreted as an estimate of the
prevalence of MPs in kidney stones, since only particles visually suspected to be MPs were
selected for µ-FTIR confirmation.

The biochemical composition of the kidney stones is reported in Table 1. No particles
compatible with MPs were observed in procedural blanks during stereomicroscopic or
µ-FTIR inspection.

Table 1. Biochemical composition of the analyzed kidney stones determined by FTIR spectroscopy
and number of particles detected in each stone. COM: calcium oxalate monohydrate; COD: calcium
oxalate dihydrate; CA: carbonate apatite; PAM: magnesium ammonium phosphate; AU0: anhydrous
uric acid; AU2: dihydrate uric acid; AmUr: ammonium urate; PR: proteins; Br: Brushite.

Substances Detected Nr. KS with Particles (%)

COM 16 1 12.5
CA + COM + PR 3 2 25.0

CA + PAM 3 0 0
CA + PAM + COM 1 0 0

AU0 + AU2 1 0 0
AU0 + COM 4 0 0

Br 1 1 12.5
COM + CA 8 0 0

COM + COD + CA 14 3 37.5
COM + COD 5 1 12.5

AU0 2 0 0
CA + PAM + COM + AmUr 1 0 0

CA + PAM + AmUr 1 0 0
tot 60 8 100

Eight particles were detected in eight kidney stone samples and categorized according
to abundance, size, color, localization within the stone, and chemical characterization.
Fiber width, estimated from the calibrated scale of the Spotlight 200 micro-FTIR imaging
system, ranged from 8 to 17 µm. For some fibers, the exact length could not be reliably
determined, and therefore compliance with the adopted microplastic size definition could
not always be confirmed (fiber length could not be reliably determined because the fibers
were frequently folded and curved and, being entrapped within the crystalline matrix,
could not always be completely extracted without risking fragmentation or loss of material).
Morphoconstitutional analysis showed that two particles were located within the stone
nucleus, one particle was identified spanning both the nucleus and the intermediate region,
and four particles were found exclusively within the intermediate region. In one additional
disintegrated specimen, the original stone architecture was not preserved, and particle
localization could not be reliably assessed.

The identified particles exhibited a range of colors, including dark blue, light blue,
white and red. A comprehensive summary of particle features is provided in Table 2.

All detected MPs were analyzed by µ-FTIR reflectance mode; however, not all particles
produced interpretable spectra. Therefore, whenever adequate contact with the µ-ATR-
FTIR crystal could be achieved, additional µ-ATR-FTIR analyses were performed to obtain
better-defined spectra. Two representative examples of spectra acquired in both reflectance
and µ -ATR-FTIR modes are shown in Figures 1 and 2.
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Table 2. Characteristics of particles identified in the analyzed kidney stone samples, including the
number of particles detected, particle width (µm), particles localization within the stone structure
(core or intermediate layer) and particles color. Abbreviation: KS, kidney stone.

ID Sample Particles Detected Particles Width Particles Location in KS Color

1 1 10 µm Core dark blue
2 1 12 µm Core red
3 1 17 µm Intermediate layer white
4 1 11 µm Intermediate layer dark blue
5 1 17 µm Intermediate layer dark blue
6 1 12 µm Intermediate layer dark blue
7 1 10 µm Core-intermediate layer light blue
8 1 15 µm not assesable light blue

Figure 1. Representative example of optical microscopy images and spectra of selected particles
isolated from kidney stone identified as PET (polyethylene terephthalate). (A) Microplastic particle
adhered to and entrapped within the crystalline matrix of the kidney stone core. (B) Spectrum
acquired by µ-ATR-FTIR mode, showing the detected bands at the following wavenumbers (cm−1):
1713.5; 1243.9; 723.09. (C) Microplastic particle isolated from the kidney stone core and deposited on
a gold-coated microscope slide. (D) Spectrum acquired by µ-FTIR-reflectance analysis, showing the
detected bands at the following wavenumbers (cm−1): 1713.5; 1243.9; 723.09.

µ-FTIR analysis of microplastic particles isolated from renal calculus samples indi-
cated a heterogeneous polymer composition. Confirmed polymer assignments included
polyethylene terephthalate (PET), polyethylene (PE), polypropylene (PP), and polyurethane
(PU). In addition, three particles showed diagnostic µ-FTIR absorption bands compatible
with polyvinyl chloride (PVC); however, these spectra were acquired in µ-FTIR-reflectance
mode and were classified as organic matter by OpenSpecy. Therefore, these particles were
reported as putative PVC (p-PVC) assignments. Considering both confirmed and putative
polymer assignments, p-PVC compatible particles represented the most frequent finding,
accounting for 37.5% (3/8) of all detected particles, followed by PET 25.0% (2/8), while PE,
PP, and PU each represented 12.5% (1/8). The visual identification of PET was confirmed
by the presence of its characteristic µ-FTIR bands at ~1720 cm−1 (ester carbonyl stretch-
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ing), 1255–1245 cm−1 (C–O–C stretching), and ~728 cm−1 (aromatic C–H out-of-plane
bending) [25,26]. The p-PVC assignments were based on the presence of characteristic
absorption bands at 1428–1425 cm−1 (CH2-Cl angular deformation), at 1337–1330 cm−1

(CH2 angular deformation), 1102–1097 cm−1 (C-C stretching) and the band at 694–615 cm−1

corresponding to the stretching of C–Cl bonds [27–29]. The characteristic bands at 2915 and
2848 cm−1 (–CH2 symmetric and asymmetric stretching), 1470–1462 (–CH=CH– stretch-
ing) and 720–710 cm−1 (–CH2 rocking deformation) confirm the presence of polyethylene
(PE) [30,31]. The polypropylene (PP) may be indicated by CH3 deformation vibration near
1456–1455 and 1375 cm−1 and weaker bands in the region between 800 and 1200 cm−1

(808, 974 cm−1/C-C and 999, 1167 cm−1/C-H) [32,33]. The polyurethane (PU) may be
supposed by N-H stretch at 3326 cm−1, the carbonyl stretch peaks (C=O) at 1720 and
1705 cm−1, the characteristic band at 1531 cm−1 (N-H in-plane bending vibration) and the
peak at 1222 cm−1 (C-O stretch) [34]. Table 3 summarizes the characteristic bands identified
for the analyzed MPs and compares them with those reported in the selected literature,
highlighting the correspondence between the experimental and bibliographic data.

 

Figure 2. Comparison between a representative PE (polyethylene) particle analyzed by µ-ATR-FTIR
and µ-FTIR-reflectance over the 4000–400 cm−1 spectral range. (A) Spectrum acquired by µ-ATR-FTIR
analysis, showing the detected bands at the following wavenumbers (cm−1): 2915.5; 2847.7; 1471.5;
1463.4; 718.51. (B) Spectrum of the same particle acquired by µ-FTIR-reflectance analysis showing the
detected bands at the following wavenumbers (cm−1): 2919.7; 2850.3; 1472.8; 1463.4; 719.47.

Following the visual inspection of the spectra and the identification of the selected
diagnostic absorption bands, spectral matching against the OpenSpecy library was per-
formed. The match value and the corresponding material class obtained for each sample
are summarized in Table 4.

As expected, spectra acquired in µ-ATR-FTIR mode yielded excellent matching scores
(>0.9). In contrast, spectra acquired in µ-FTIR-reflectance mode generally produced lower
similarity scores, likely due to their greater spectral complexity, characterized by overlap-
ping absorption bands.

Specifically, particles that had been assigned to p-PVC on the basis of manual spectral
interpretation were classified by the library as organic matter. It is worth noting that
the OpenSpecy database is primarily based on reference spectra acquired in ATR mode,
which may limit its performance when applied to spectra collected in reflectance mode [24].
Considering the µ-FTIR-reflectance acquisition mode and the complex organic–mineral
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matrix of renal stones, it is plausible that surface-associated organic coatings on the particles
influenced the spectral response, thereby hindering unambiguous polymer identification.
Therefore, the attribution of these particles to PVC was reported as putative rather than
confirmed and should be interpreted with caution.

Table 3. Identification of the analyzed microplastic particles by µ-FTIR spectroscopy. Polymers
identification was performed by comparing the experimentally observed absorption bands with
the characteristic FTIR bands reported in the literature. PVC-compatible particles were reported as
p-PVC because OpenSpecy matching did not confirm the same material class.

Sample Polymer Observed FTIR Bands
(cm−1)

Diagnostic FTIR
Bands (cm−1)

Main Vibrational
Assignment References

1 PE 2915, 2847, 1471, 1463,
718

2915–2848, 1470–1462,
720–710

CH2 stretching, CH2 bending,
CH2 rocking [20,21]

2 PET 1713, 1244, 723 1721–1720, 1255–1245,
728

Ester C=O, C–O–C stretching,
aromatic C–H [15,16]

3 p-PVC 1425, 1334, 1108, 670,
616

1428–1425, 1337–1330,
1102–1097, 694–615

CH2 deformation, C–C
stretching, C–Cl stretching [17–19]

4 PP 1455, 1375, 1168, 998,
808

1456–1455, 1375, 1167,
998–974, 808

CH3 deformation, C–H, C–C
stretching [22,23]

5 p-PVC 1427, 1333, 1103, 670,
619

1428–1425, 1337–1330,
1102–1097, 694–615

CH2 deformation, C–C
stretching, C–Cl stretching [17–19]

6 p-PVC 1426, 1335, 1099, 610 1428–1425, 1337–1330,
1102–1097, 694–615

CH2 deformation, C–C
stretching, C–Cl stretching [17–19]

7 PET 1711, 1246, 730 1721–1720, 1255–1245,
728

Ester C=O, C–O–C stretching,
aromatic C–H [15,16]

8 PU 3331, 1728, 1703, 1530,
1220

3326, 1720,1705, 1531,
1222

N–H stretching, C=O
stretching, N–H bending [24]

Table 4. Material identification of the analyzed samples based on OpenSpecy spectral matching. The
analytical technique used for each sample (µ-ATR-FTIR or µ-FTIR-reflectance), the OpenSpecy match
value and the corresponding material class are reported.

Sample IR Mode Match Value Material Class

1
Micro-ATR 0.99 poly(ethylene)
Reflectance 0.71 poly(ethylene)

2
Micro-ATR 0.99 polyethylene terephthalate
Reflectance 0.84 polyethylene terephthalate

3 Reflectance 0.81 organic matter

4 Micro-ATR 0.97 poly(propylene)

5 Reflectance 0.76 organic matter

6 Reflectance 0.79 organic matter

7 Reflectance 0.84 polyethylene terephthalate

8 Micro-ATR 0.93 polyurethanes

Regarding the evaluation of spectral matching performance, only one of the spectra
acquired in µ-FTIR-reflectance mode showed relatively intense absorption bands consistent
with PET features compared to other spectral contributions. This resulted in a library match-
ing score above 0.84, which can be considered a good match under reflectance conditions.
In addition, two representative particles were analysed using both µ-ATR-FTIR and µ-
FTIR-reflectance mode. As expected, spectral matching scores obtained using µ-ATR-FRIT
were consistently higher (>0.9), whereas µ-FTIR-reflectance spectra yielded lower but still
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acceptable values (>0.7), reflecting the known differences in spectral quality and database
compatibility between the two acquisition modes. In particular, as shown in Figure 2,
the µ-FTIR-reflectance spectrum exhibits additional absorption bands compared with the
µ-ATR-FTIR spectrum, which likely contributes to the lower spectral matching scores.

4. Discussion
In the present pilot biomonitoring study, polymeric particles compatible with MPs

were detected in 8 of 60 human kidney stone samples by stereomicroscopic inspection
followed by µ-FTIR characterization. Beyond the descriptive findings, the present study
demonstrates the applicability of an analytical workflow developed within a broader One
Health framework.

Although the number of positive samples was limited, the identification of polymeric
particles embedded within the internal regions of renal calculi provides preliminary ev-
idence that MPs may be incorporated into the stone structure. To our knowledge, only
three previous studies have specifically investigated the occurrence of MPs in human kid-
ney stones, making the present findings relevant for the emerging field of environmental
micropollutants in urinary stone disease.

In recent years, numerous studies have demonstrated the presence of MPs in various
human and animals biological matrices [35], suggesting the ability of these particles to enter
the body and distribute throughout tissues. Furthermore, persistent organic pollutants
have also been reported to accumulate in animal kidneys [36], supporting the kidney as a
possible target of environmental contaminants.

Human exposure to micro- and nanoplastics can occur through several routes, mainly
ingestion through contaminated food and drinking water, but also inhalation and, to a
lesser extent, dermal contact [37].

The detection of MPs in urine supports the hypothesis that the urinary tract may
represent a route of elimination for these particles, while their detection in renal tissue and
kidney stones suggests that deposition or incorporation within the urinary system may
also occur.

The particles identified in the present study included confirmed PET, PE, PP, and
PU assignments, together with three p-PVC compatible particles. The interpretation of
particles compatible with p-PVC requires caution, as these assignments were based on the
presence of diagnostic absorption bands observed in the µ-FTIR-reflectance spectra, which
showed a higher background noise compared with the other spectra and were therefore not
confirmed by a match with OpenSpecy. In future studies, µ-ATR-FTIR spectra should be
acquired to improve spectral quality and interpretation and to further reduce the possibility
of obtaining spectra that are difficult to interpret.

Nevertheless, PVC compatible particles represented the most frequent putative poly-
mer assignment in the present series. This finding is partially consistent with the results
reported by Zeng et al. [17], who identified PE and PVC among the most prevalent mi-
croplastic polymers in human kidney stones.

The authors further demonstrated that exposure to MPs may be associated with
mitochondrial oxidative stress, metabolic alterations, and inflammatory processes in renal
cells. Furthermore, PVC has also been identified in human urine, suggesting that this
polymer may reach the urinary tract [16]. In contrast, the PU particle identified in our
study should be interpreted with caution, because it was detected in a disintegrated
specimen in which the original localization within the stone matrix could not be reliably
assessed. Therefore, unlike the other polymers detected within intact stone structures, the
PU particle cannot be considered with certainty as plastic material originally present within
the analyzed kidney stone.
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Experimental evidence indicates that damage to renal epithelial cells can increase
interaction with calcium oxalate crystals. MPs can affect renal tubular cells through a
combination of oxidative imbalance, mitochondrial dysfunction, metabolic alterations, and
inflammation, compromising epithelial homeostasis and making the tubular surface more
susceptible to interaction with urinary crystals [38,39].

Therefore, epithelial damage could represent a potential link between microplastic
nephrotoxicity and stone formation.

It is still unclear whether MPs simply incorporate into preexisting stones or directly
influence their formation. An active role would require demonstrating that MPs modify
crystal behavior or increase stone formation, while their presence without such modifi-
cations would be more consistent with passive incorporation. Recent findings related to
polystyrene nanoplastics support the possibility of an active contribution [19]. However,
these findings are primarily derived from experimental models. Further studies are there-
fore needed to determine whether MPs are passive components of kidney stones or actively
contribute to the formation and retention of crystals.

However, some hypotheses can be considered. MPs have irregular surfaces and
may adsorb proteins or other organic molecules. These characteristics could theoretically
favor interactions with urinary crystals and with the organic matrix of the stone. In this
context, MPs may behave as non-crystalline particles incorporated into a growing calculus,
potentially facilitating local crystal adhesion or aggregation. This interpretation is consistent
with current concepts of stone formation, in which supersaturation alone is not sufficient
and local surfaces, organic matrix components, and crystal retention play an important role
in lithogenesis.

The relatively low number of detected microplastic particles compared with previous
studies may be explained by the conservative analytical strategy adopted. Only particles
visually identified under the stereomicroscope and embedded within the core or middle
region of the kidney stones were analysed, whereas no complete chemical digestion of
the mineral matrix was performed. This approach was intentionally chosen to minimize
additional sample handling and thereby reduce the risk of pre-analytical contamination,
which has been widely recognized as a major challenge in microplastic analysis of biological
matrices. Although this strategy likely underestimated the total microplastic burden by
excluding particles not directly visible or still embedded within the matrix, it increased
confidence that the analysed particles originated from the kidney stones rather than from
laboratory contamination.

In addition, procedural blank controls were performed for each analytical session
to monitor potential airborne or procedural contamination during sample handling and
microplastic identification. All procedures were conducted under a laminar flow hood to
minimize environmental contamination. Additionally, the water used for washing renal
calculi to remove loosely attached particles was pre-filtered using 0.45 µm filters. During
each analysis session, a clean glass slide was placed under the stereomicroscope within
the laminar flow hood and subsequently examined to assess potential airborne particle
deposition during the identification process. All blank controls consistently showed no
detectable particulate contamination. These results indicate that the observed MPs are
unlikely to be attributable to laboratory or environmental contamination introduced during
sample processing. Based on these quality assurance measures, the PET and PE particles
are considered strongly associated with the stone matrix, as they were observed embedded
within the crystalline core of the calculi, suggesting incorporation into the stone structure
rather than surface contamination. In contrast, the PU particle was identified in one
specimen that arrived at the laboratory completely disintegrated into loose crystalline
material. Unlike intact stones, this sample no longer preserved its original architecture,
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making it impossible to determine whether the detected PU particle had been originally
embedded within the calculus or introduced during clinical handling. PU has been found
in several human samples [40] and recently in urinary stones [18], but it must also be
considered that it is commonly present in medical devices and surgical materials [41] so
an exogenous origin cannot be ruled out. This observation further underscores the need
for rigorous contamination control at all stages of sample collection and processing, as
recently discussed in studies addressing contamination risks in micro- and nanoplastic
research [42,43]. Accordingly, while the analytical workflow demonstrates a high level
of contamination control, the possibility that certain particles may originate from clinical
interventions rather than endogenous incorporation should be considered.

This may be addressed in future studies by monitoring all stages of the process, from
the clinical and surgical setting through to sample delivery to the laboratory.

The ability to monitor the entire workflow, from the clinical department where the
kidney stones are collected to their delivery to the laboratory, would provide valuable
clinical information for interpreting environmental exposure, which is currently lacking in
this preliminary study.

Future studies integrating longitudinal clinical data and detailed exposure histories
are needed to validate the potential of kidney stones as a matrix for long-term exposure
biomonitoring.

This study has several limitations. First, only particles visible under a stereomicro-
scope were investigated, and their identification was performed exclusively using µ-FTIR
spectroscopic techniques. This methodological approach may have underestimated the
actual microplastic burden, particularly for very small MPs and nanoplastics.

In addition, although contamination control procedures were adopted, pre-analytical
contamination during sample collection or handling cannot be completely excluded.

Future studies could use renal cell organoids to investigate the potential interaction
between MPs and kidney stone formation. Different microplastic polymers, including
those most frequently reported in the literature and those identified in our study, could
be tested alone and together with calcium oxalate or calcium phosphate crystals, the main
mineral components of kidney stones. Changes in crystal characteristics and epithelial
crystal interactions could be evaluated together with oxidative stress and inflammatory
markers. Comparisons between controls, crystals alone, MPs alone, and combined exposure
would help determine whether MPs enhance crystal-induced injury or influence processes
involved in crystal formation and retention.

In addition, future studies should include larger cohorts, systematic analysis of both
kidney stones and paired urine samples, and detailed information on dietary habits, envi-
ronmental exposure, and clinical-metabolic risk factors for urolithiasis. Advanced analytical
techniques, such as Pyrolysis–Gas Chromatography–Mass Spectrometry (Py-GC-MS), may
also help to improve polymer identification and quantify smaller particles, including
nanoplastics. These approaches will be necessary to clarify whether MPs are incidental
inclusions in kidney stones or may contribute to stone formation and progression.

5. Conclusions
This pilot study demonstrates the successful application of a µ-FTIR analytical work-

flow for detecting and characterizing MPs embedded within human kidney stones. Beyond
documenting the occurrence of PET, PE, PP, PU and putative PVC particles in a previously
unexplored pathological biomineral, these findings support the translation of an integrated
One Health biomonitoring platform across diverse biological matrices. Kidney stones may
represent a valuable matrix for investigating long-term exposure to environmental MPs and
complement analyses performed in urine, organoid models and other biological specimens.
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Further studies integrating molecular, multi-omics and clinical data are warranted to clarify
whether MPs represent passive inclusions or actively contribute to nephrolithiasis.
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The following abbreviations are used in this manuscript:

MPs Microplastics
µ-FTIR Fourier-transform infrared microspectroscopy
µ-ATR-FTIR micro-attenuated total reflectance Fourier-transform infrared spectroscopy
µ-FTIR reflectance Fourier-transform infrared (FTIR) microspectroscopy in reflectance mode
ATR attenuated total reflectance
PET polyethylene terephthalate
PE polyethylene
PP polypropylene
PU polyurethane
PVC polyvinyl chloride
p-PVC putative PVC
COM calcium oxalate monohydrate
COD calcium oxalate dihydrate
CA carbonate apatite
PAM magnesium ammonium phosphate
AU0 anhydrous uric acid
AU2 dihydrate uric acid
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PR proteins
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