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This study explores the monitoring of uraemic toxins in haemodialysis treatments, beyond urea concentration, in
the perspective of reducing complications stemming from the lack of personalized haemodialysis therapies.
Absorption and fluorescence techniques were employed to analyse low-middle weight molecules employing
laboratory prepared solutions combining p-cresol, bovine albumin and bisphenol-A molecules. These optical
techniques offer the advantage of analysing the sample without physical contact, ensuring the potential for
implementation in a real-world scenario for continuous treatment monitoring. Real-time monitoring of these
toxins in spent dialysate could offer insights into blood concentrations, enhancing dialysis treatment optimiza-
tion and complication management.

The considered absorption spectra fell within the ultraviolet range (240, 400) nm, while fluorescence spectra
were obtained at a selected excitation wavelength of 285 nm. Data analysis revealed a correlation between

molecule concentrations and signal intensity in both absorption and fluorescence measurements.

1. Introduction

Haemodialysis is a widely employed technique for patients with
kidney disease. Generally, to be monitored urea concentration is eval-
uated only but, as many works have recently stated [1,2], there exist also
other uraemic toxins affecting the treatment effectiveness, namely low
middle weight and protein bound solute (PBS) molecules, e.g. organic
compounds generated by the intestinal microbiota protein fermentation
as free p-cresol, p-cresol/albumin complexes [3] or indoxyl sulphate [4],
chemicals as bisphenol-A (BPA), proteins like #-microglobulins [5].

Monitoring these molecules enables the optimization of dialytic
treatments and reduction of associated complications. Despite these
molecules being well-known and easily identifiable in clinical chemistry
laboratories, continuous, real time analysis in the patient’s blood is a
challenging task due to numerous interferents. A potential approach
involves monitoring the content of spent dialysate to infer the concen-
tration of these molecules in the blood, considering the characteristics of
the dialysis filter and the type of treatment.

This study examines a specific subset of low middle weight molecules
and PBS, particularly significant in dialysis treatments, within a set of
laboratory prepared solutions combining p-cresol, bovine albumin and
BPA using absorption and fluorescence techniques. These optical tech-
niques offer the advantage of analysing the sample without physical
contact, ensuring the potential for implementation in a real world sce-
nario for continuous treatment monitoring, through designing an op-
toelectronics sensor placed across the spent dialysate line.

The measurements were performed by a laboratory spectrofluo-
rometer (Jasco FP6200) and spectrophotometer (UV-Vis Jasco V-570),
facilitating comprehensive measurements encompassing both absorp-
tion and fluorescence emission/excitation spectra.

Given the organic nature of the toxins of interest, our study focused
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on the spectral region within the ultraviolet range, i.e. UVA-UVB: (240,
400) nm, for absorption and excitation of endogenous fluorescence.

This paper is structured as follows: Section 2 details the rationale
behind molecule selection, the preparation of laboratory solutions, and
the acquisition mode for measurements. The results of the spectral
analysis are discussed in Section 3, and Section 4 outlines future im-
provements and ongoing work.

2. Methods and procedures
2.1. Molecules selection

A set of solutions was prepared to study the absorption and endog-
enous fluorescence characteristics of the molecules of interest (Mol).
The selection of Mol comprises toxins closely associated with the dialysis
treatment process.

P-cresol is a protein bound uraemic toxin of great interest for its
involvement in endothelial damage, neurologic and cardiovascular
complications. Together with its conjugate derivatives, such as p-cresyl
sulphate, it has not been accurately investigated yet, albeit being
marked as uraemic toxin. Therefore, its relative optical properties are
still under examination. This is a significant lack of information
considering that, for instance, authors of [6] attribute to free p-cresol
cardiovascular issues in non-diabetic dialytic patients. Another notable
evidence is reported in Ref. [7], providing a literature review that un-
derlines the hypothesis of a role of p-cresol, its conjugate derivate
p-cresyl sulphate and indoxyl sulphate in colon cancer development and
progression in chronical kidney disease (CKD) patients.

When kidney function is compromised, an array of substances ac-
cumulates within the body, with certain ones forming bonds with the
transport protein human serum albumin (HSA). These substances,
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pivotal in both contributing to and indicating the presence of uraemic
syndrome, subsequently transition into uraemic toxins [8].

BPA is the main component of several plastics because it confers ri-
gidity, resistance, and transparency. It is also a component of some
dialysis membranes, and it accumulates in patients affected by chronic
kidney disease. Observational studies have linked BPA exposure to
kidney and cardiovascular injury in humans and to the activation of
carcinogenesis pathways [9]. If healthy individuals can rapidly excrete
BPA, patients with chronic kidney disease may show higher and
potentially dangerous concentrations [10].

In conclusion, the identified Mol are: (i) p-cresol, (ii) albumin and
(iii) BPA.

2.2. Solutions preparation

Three stock solutions with the following concentrations were pre-
disposed, with a base of distilled water (ddH20): p-cresol 1 mg/mL;
bovine albumin 1 mg/mL; BPA 100 pg/mL. From the stock solutions, 7
solutions of 10 mL volume were prepared with the following concen-
trations: p-cresol 1 pg/mL, 0.01 mg/mL and 0.1 mg/mL; albumin 0.01
mg/mL and 0.1 mg/mL; BPA 0.1 pg/mL and 5 pg/mL. Besides the single
Mol analysis in 3 mL samples, from each solution a set of 4 solutions
mixing the three molecules, still with volume 3 mL was prepared. These
samples mirror what is typically found in dialysate during a typical
dialysis treatment. They were chosen to observe the combined effects
and interactions among the different Mols.

The concentrations of each solute within these solutions are detailed
in Table 1.

2.3. Measurements procedure

For each prepared sample, a series of measurements was conducted
using the UV-Vis spectrophotometer Jasco V-570 and the spectrofluo-
rometer Jasco FP6200. From the analysis of the absorption spectra, we
identified a potential excitation wavelength to stimulate endogenous
fluorescence at Aexe = 285 nm, which also appears to be particularly
suitable for monitoring p-cresol.

3. Results and discussion
3.1. Absorption spectra

The absorption spectra obtained with the spectrophotometer were
firstly acquired for the samples containing only one Mol. The results,
properly compensated to the reference absorption spectrum from
ddH20, can be seen in Fig. 1. As is possible to notice in Fig. 1a, p-cresol
shows the highest absorbance variation as the concentration increases.
The absorption spectra of albumin, as shown in Fig. 1b, and that of BPA
in Fig. 1lc, exhibit a relatively low contribution within the considered
spectral range.

The albumin concentration

in spent dialysate resulted in

Table 1

Mol: prepared solutions concentrations.
P-cresol Albumin BPA
0.1 mg/mL - -
0.01 mg/mL - -
1 pg/mL - -
- 0.01 mg/mL -
- 0.1 mg/mL -
- - 0.1 pg/mL
- - 5 pg/mL
3.3 pg/mL 3.3 pg/mL 33 ng/mL
0.33 pg/mL 3.3 pg/mL 33 ng/mL
3.3 pg/mL 33 pg/mL 33 ng/mL
3.3 pg/mL 3.3 pg/mL 1.67 pg/mL
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Fig. 1. (a) p-cresol absorption spectra, with concentrations: 1 pg/mL (—), 0.01
mg/mL (—), 0.1 mg/mL (). (b) Albumin absorption spectra, with the
following concentrations: 0.01 mg/mL (—), 0.1 mg/mL (—). (c) BPA absorp-
tion spectra, with the following concentrations: 0.1 pg/mL (—), 5 pg/mL (—).
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approximately 0.024 mg/mL, after being measured in samples provided
by the Laboratory of Nephrology (CHIMOMO Department, University of
Modena and Reggio Emilia, Modena, Italy), allowed by the AVEN
Ethical Committee. As a consequence, the maximum concentration of
albumin in the solutions used in this study represents a worst case sce-
nario compared to what is typically encountered in a dialysis treatment.
Despite BPA showing absorption near 285 nm, the concentrations used
in this study greatly exceeds typical levels found in healthy or patho-
logical conditions, which are usually in the range of a few ng/mL as
noted by Gonzalez et al. (2013) [11]. Therefore, in a realistic scenario,
the predominant absorption contribution in the considered spectral
range is attributed to p-cresol. This is further supported by the highest
sensitivity to p-cresol at dexc = 285 nm, as shown in Table 2. In Fig. 2, the
absorbance of the mixed samples is shown. Again, the absorbance
significantly decreases only when p-cresol concentration decreases from
3.3 pg/mL to 0.33 pg/mL. The other results, coming from an increase of
albumin or BPA, keep similar values as also resumed in Table 3.

3.2. Fluorescence spectra

For fluorescence measurements, the excitation wavelength was
chosen as lexc = 285 nm, close to the absorption peak of p-cresol. The
exact wavelength of the p-cresol peak absorption, i.e., 280 nm, was not
chosen because, for the development of an optoelectronics sensor, 285
nm was found to better align with the peak wavelengths of commercially
available LED sources.

The emission spectra were acquired in the spectral range (300-450)
nm. As for the absorption measurements, the results were properly
compensated to the reference fluorescensce emission spectrum obtained
from ddH20.

The samples containing only one Mol were firstly analysed obtaining
the spectra shown in Fig. 3. As is possible to notice in Fig. 3a, p-cresol is
the molecule emitting the most endogenous fluorescence, with a peak
emission at approximately Aem p—cresol = 307 nm. The plot corresponding
to the maximum p-cresol concentration clearly saturates, due to the
spectrofluorometer full-scale limitations. As a consequence, it has not
been considered in the sensitivity computation, whose results are rep-
resented in Table 4. Albumin fluorescence emission spectra are shown in
Fig. 3b. It can be seen that the sample with the highest concentration
exhibits a lower emission at approximately Aem p—cresol = 307 nm with
respect to the p-cresol corresponding one, at comparable concentrations.
Furthermore, it can be observed that also the fluorescence emission peak
of albumin that occurs at approximately Aem albumin 350 nm has a lower
intensity than p-cresol. Lastly, the BPA endogenous fluorescence
appeared very low, albeit referred to much lower concentrations than
the other two Mol, as shown in Fig. 3c. Moreover, its fluorescence
exhibited a low value at the highest concentration.

Lastly, as in Section 3.1, a further confirmation of the highest
sensitivity to p-cresol for an emission wavelength Aep; = 307 nm excited
at dexe = 285 nm, can be seen in Table 4. Again, by computing the
angular coefficient still derived from the linear interpolation between
concentrations and the related fluorescence emission, the sensitivity is
much higher for p-cresol compared to albumin and BPA. As previously
mentioned, due to the saturation obtained with the sample with the
highest p-cresol concentration, the related sensitivity value has been
computed by using only the minimum and medium concentration
values, i.e. 1 pg/mL and 0.01 mg/mL. In Fig. 4, the fluorescence

Table 2
Sensitivity of absorption at lexc = 285 nm to the con-
centration of individual Mols.

Molecule Sensitivity (mL/mg)
P-cresol 9.7274
Albumin 0.3918

BPA 2.9606
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Fig. 2. p-cresol mixed with albumin and BPA absorption spectra, with the
following concentrations: p-cresol 0.33 pg/mL + albumin 3.3 pg/mL + BPA 33
ng/mL (—), p-cresol 3.3 pg/mL + albumin 3.3 pg/mL + BPA 33 ng/mL (—), p-
cresol 3.3 pg/mL + albumin 3.3 pg/mL + BPA 1.67 pg/mL (), p-cresol 3.3 ug/
mL + albumin 33 pg/mL + BPA 33 ng/mL (—).

Table 3

Absorbance corresponding to Aexc = 285 nm for each solution combining
all four molecules. The mixed sample row implies the following concen-
trations: p-cresol 3.3 pg/mL + albumin 3.3 pg/mL + BPA 33 ng/mL. The
subsequent rows in the table indicate the observed absorption (second
column) by varying the concentration of each molecule to the value re-
ported in the first column.

Solution Absorbance @285 nm (a.u.)
Mixed sample 0.02622
P-cresol 0.33 pg/mL 0.00901
Albumin 33 pg/mL 0.04193
BPA 1.67 pg/mL 0.03635

emission spectra of the mixed samples are shown. The fluorescence
significantly decreases only when p-cresol concentration decreases from
3.3 pg/mL to 0.33 pg/mL. The other results, coming from an increase of
albumin or BPA, keep similar values as also resumed in Table 5.

4. Conclusions

In this paper, the absorption and endogenous fluorescence properties
of Mol were investigated. The discussed results show that p-cresol ex-
hibits a significantly higher absorption within the considered wave-
length range compared to the other investigated molecules. This
translates into a greater sensitivity of absorption with varying concen-
trations of this molecule. By fixing an excitation wavelength at 285 nm,
i.e., available among commercial LED emissions, we observed endoge-
nous emission in the spectral range (300-450) nm for all three consid-
ered molecules. With increasing concentration, the molecule exhibiting
the highest emission is p-cresol followed by albumin, while BPA shows
extremely reduced emission. It should be noted that the emission peaks
of p-cresol and albumin are shifted by approximately 40 nm.

From the analysis reported in this paper, it seems reasonable to hy-
pothesize the possibility of combining absorption and fluorescence in-
formation to distinguish these molecules. Monitoring all these molecules
could facilitate the optimization of dialytic treatments and reduction of
associated complications; however, the high sensitivity observed in
terms of both absorption and fluorescence to p-cresol suggests a simpler
development of a sensor for monitoring this molecule.

Nonetheless, developing a sensor entails significant additional



V. Di Pinto et al.

1000

800 - 1

600 1

400 1 1

200, 1

Fluorescence (a.u.)

200 = : :

350 400 450

Wavelength (nm)
(a)

50 ‘ ‘
350 400

Wavelength (nm)
(b)

Fluorescence (a.u.)

o L ‘ ‘
350 400

Wavelength (nm)
(c)

Fig. 3. (a) p-cresol fluorescence emission spectra, with concentrations: 1 pg/
mL (—), 0.01 mg/mL (—), 0.1 mg/mL (- ). (b) Albumin fluorescence emission
spectra, with the following concentrations: 0.01 mg/mL (—), 0.1 mg/mL (—).
(c) BPA fluorescence emission spectra, with the following concentrations: 0.1
pg/mL (=), 5 pg/mL (—).
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Table 4
Single molecules fluorescence sensitivity.

Molecule Sensitivity (mL/mg)
P-cresol 71646.1

Albumin 927.0

BPA 1844.4
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Fig. 4. p-cresol mixed with albumin and BPA fluorescence emission spectra,
with dexe = 285 nm, with the following concentrations: p-cresol 0.33 pg/mL +
albumin 3.3 pg/mL + BPA 33 ng/mL (—), p-cresol 3.3 pg/mL + albumin 3.3
pg/mL + BPA 33 ng/mL (—), p-cresol 3.3 ug/mL + albumin 3.3 pg/mL + BPA
1.67 pg/mL (), p-cresol 3.3 pg/mL + albumin 33 pg/mL + BPA 33 ng/
mL (—).

Table 5

Fluorescence corresponding to Aem = 307 nm and Aexe = 285 nm for each
solution combining all four molecules. The mixed sample row implies the
following concentrations: p-cresol 3.3 pg/mL + albumin 3.3 pg/mL + BPA
33 ng/mL. The subsequent rows in the table indicate the observed fluores-
cence (second column) by varying the concentration of each molecule to the
value reported in the first column.

Solution Fluorescence @307 nm (a.u.)
Mixed sample 270.9

P-cresol 0.33 pg/mL 46.0

Albumin 33 pg/mL 297.2

BPA 1.67 pg/mL 274.4

preliminary work. Other molecules known to be present in dialysate
should also be considered and a spectrofluorimetric analysis of real
dialysate samples acquired at different stages of treatment should be
studied. Nevertheless, we believe that the preliminary results reported
in this paper are encouraging and can pave the way for further studies.
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