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Abstract

The direct electrochemical behavior of bilirubin at physiological pH has been
investigated by cyclic voltammetry in the physio-pathological range of this
metabolite. Nanostructured electrodes with multi walled carbon nanotubes
have shown the highest sensing performance with respect to bare electrodes.
Detection limit obtained with nanostructured electrodes (8.0 ± 0.2 µM) al-
lows to detect normal level of bilirubin. Since bilirubin is almost insoluble
in aqueous solution, it is found in human fluid in combination with albumin
forming with this protein a soluble complex. Therefore, the nanostructured-
sensor response has been studied in presence of different concentrations of
albumin. A signal decrease due to the decline of free bilirubin has been found.
Finally, bilirubin detection in concentration range corresponding to newborn
jaundice (200-500 µM) and in presence of normal albumin level has been
performed. Detection limit equal to 161 ± 27 µM has been obtained. Since
the detection limit value obtained is below the minimum critical bilirubin
concentration for newborns, this finding indicates the possibility to use our
modified sensor for bilirubin detection in case of newborn jaundice.
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1. Introduction

Bilirubin (BR) is a tethrapyrrole compound of bile. It is a brownish yellow
pigment, produced when the liver breaks down old red blood cells and is a
natural anti-oxidant in human blood [1]. The main types of BR are present in
human fluids: the unconjugated and conjugated BR with gluconic acid that
makes the molecule water soluble. Serum concentration of unconjugated
free BR depends on the amount of albumin and its intrinsic ability to bind
bilirubin. This binding is very important to neutralize the neurotoxic effect
of free unconjugated BR.

An accurate BR determination in body fluids is important for diagnos-
tic and therapeutic purposes. Normal level of total BR in serum of adults
ranges from 3.5 to 22.6 µM (0.2-1.3 mg/dl) [2]. Higher and lower concentra-
tions are associated with certain diseases. For instance, jaundice caused by
high BR levels in the blood is associated with gallbladder and liver diseases
(e.g. cirrhosis, hepatitis), blood infection, transfusion reaction, or hemolytic
disease of the newborn (cell destruction) [3]. On the other hand, low level
of BR is associated with anemias and coronary artery diseases [3]. High
unconjugated free BR in neonates can lead to brain damage (hearing loss
and the potentially lethal syndrome called “Kernicterus ”) if untreated [4].
Very often pathological level of BR are associated with the accumulation of
another pigment called biliverdin [5]. Therefore, considering the diagnostic
significance of this metabolite, the development of an inexpensive device for
the BR detection is of great interest.

There are several methods to determine BR concentrations. It can be
measured by direct spectrophotometric estimation [6] and diazo reaction [7].
However, the first method suffers of false results produced by interference
with other proteins and the latter could be partially compromised since the
reaction rate is pH dependent [8]. Colourimetric [9], polarographic and flu-
orometric analysis [10, 11] were also carried out to quantify this metabolite.
Electrochemical detection is simpler and more convenient if compared with
the previous mentioned techniques. It can be obtained by using the BR
oxidase (BODx) immobilized onto the electrode surface. It catalyzed the
oxidation of BR in biliverdin (BV). Unfortunately this enzyme is highly un-
stable. Some strategies are employed to overcome this problem (conductive
polymers [12], mediators [13] and crosslinking agents [14, 15] as well as mul-
tilayers enzyme networks [13]). A method to solve the problem of instability
related to the enzymatic detection could be solved by detecting BR working
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with its spontaneous conversion in BV once suitable potentials are applied.
BR is liposoluble in physiological conditions but in laboratory aqueous

solutions is poor soluble. Therefore, the electrochemistry of BR has been
investigated in detergents such as Tris Buffer [13, 16] or organic solvents
such as dimethyl sulfoxide (DMSO) [17], dimethyl formaldehyde (DMF) [18],
room temperature ionic liquids (ILs) [19]. To simulate the physiological
environment, some authors have also investigated the electrochemistry of
BR in aqueous solutions [12, 14, 15, 20]. In all these works a BR stock
solution was prepared by dissolving BR in a basic solution. Then, lower BR
concentrations are obtained with some aqueous buffers. All the solutions
were prepared daily since the characteristic BR instability if dispersed with
these methods.

Carbon nanotubes (CNTs) are interesting components for the electro-
chemical transducers. It was proved that they can provide a better elec-
trocatalysis of a compound increasing also the electrode active area [21].
CNTs are graphene cylinder formed by rolling one or more than one graphene
sheets so that they can be single walled (SW) or multi walled (MW) CNTs.
SWCNTs are found to be metallic, semi-conductors or small band gap semi-
conductors depending on their diameter and chirality. On the other hand,
MWCNTs are mostly metallic since a single metallic layer results in an entire
tube displaying a metallic behavior. Thus, MWCNTs are better candidates
for electrochemical applications [22].

Nowadays screen-printed electrodes (SPEs) are widely used as they offer
several advantages: cheap production, good reproducibility and reliability,
miniaturization. For such characteristics, they have been employed in sensors
to electrochemically detect a variety of substances for many applications
(e. g. environmental, food analysis, medicine) [23, 24]. In particular, the
possibility to incorporate SPEs in small portable systems is an important
requirement for their use in biosensors for medical purposes [24].

In the present work we compare the electrochemical behavior of graphite
SPEs nanostructured or not with MWCNTs in order to detect physio- patho-
logical BR concentrations by cyclic voltammetry (CV). In addiction, modified-
SPE response was studied in presence of various albumin concentrations.
Finally, BR detection in the concentration range of newborn jaundice was
performed in presence of normal albumin concentration.
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2. Materials and methods

2.1. Chemicals

Carboxyl group (-COOH) functionalized MWCNTs with an approximate
diameter of 10 nm and length of 1-2 µm were purchased from DropSens
(Spain) in form of a powder (90% purity). MWCNTs were diluted in chloro-
form (concentration: 1 mg/ml) [24]. All solutions were sonicated to guarantee
homogeneity before their use. BR from Sigma was diluted in a stock DMSO
solvent (10 mM). Dilutions were made using phosphate buffered saline (PBS
10 mM pH 7.4) in presence or absence of fixed bovine albumin concentra-
tions ranging from 0 to 30 mg/ml. PBS and albumin were purchased from
Sigma. Because BR is photosensitive, measurements were carried out in a
dark room.

2.2. Electrode preparation and electrochemical apparatus

The MWCNT-based electrodes were prepared by casting 30 ± 0.12 µl of
MWCNT-chloroform solution (5 ± 0.02 µl for six times) onto the working
electrode of carbon paste SPEs (model DRP-110) purchased from DropSens
(Spain). Chloroform was allowed to evaporate onto this electrode in between
two subsequent deposition steps. The area of the working electrode was
equal to 12.54 mm2. The counter electrode was also made of graphite and
the reference electrode was made of Ag/AgCl.

The BR electrochemistry was investigated by CV with a Versastat 3 po-
tentiostat (Princeton Applied Technologies). All the experiments were car-
ried out under aerobic conditions at room temperature. During the measure-
ments, the three electrodes were covered with 100 µl of solutions containing
BR. Multiple CVs were acquired using a potential window of -0.4/+0.8 V
at a scan rate of 20 mV/s. Different concentrations of BR were used in the
ranges 50-150 µM by steps of 25 µM. Electrodes with and without MWC-
NTs were tested. Five multiple CVs were applied alternating them until the
overlapping of two subsequent voltammograms. The BR adsorption onto a
large variety of carbon nanomaterials has been reported [25]. Therefore, in
between two subsequent measurements a cleaning procedure was performed.
3000 fast potential pulses between -0.4 and +0.8 V per 3 times was realized
in case of the bare electrode use. For the cleaning of electrodes with and
without MWCNTs, 3000 fast potential pulses between -0.4 and +0.8 V per 3
times and 10 multiple CVs (potential window of -0.4/+0.8 V) at a scan rate
of 100 mV/s were sufficient.
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The two anodic peak currents (Peak I and II) related to the V cycle
of multiple CVs were taken by using two different procedures for bare and
nanostructured electrodes. In the first case, we computed the distance be-
tween the two maximum currents from a baseline (magenta line in Fig. 1
(A)) by linking the part of the voltammogram before the start of Peak I and
the part after the end of Peak II. This strategy was adopted because of the
partial overlapping of the two peaks. By using the nanostructured electrodes,
two well-defined peaks appear in the voltammogram. Therefore, the baseline
was taken by a linear fitting of the voltammogram portions before and after
each oxidation peak (red line in Fig. 1 (B)).

Based on Randles-Sevcik equation [26], the sensitivity was computed from
the angular coefficient obtained by plotting peak currents versus BR concen-
tration and it was normalized to the electrode area. The mean square root
deviation (δ̄i) of the voltammogram line with no electrochemical activity of
the BR was taken as the lowest detectable current signal. Detection limit
(LOD) was computed according to the expression LOD=3δ̄i/S [27] where S
is the sensitivity in µA/mM.

3. Results and discussion

3.1. Electrolyte optimization

Before the investigation of the BR electrochemistry, the optimum diluent
was determined. Among different solvents, the preparation of BR stock so-
lution using NaOH as solvent was not suitable. Indeed, we noted that BR in
0.1 NaOH precipitates fast in accordance with previous studies in which the
decomposition rate was found to be 0.18-0.21 % per minute [28]. Then, stock
solutions of BR were prepared in a more basic solvent (5 M NaOH). in this
case solutions were found to be higly unstable and rapidly oxidize. Solutions
prepared with Tris Buffer (0.05 M, pH 8.0, albumin 30 mg/ml) was excluded
since it did not give any peak current with both bare and nanostructured
electrodes. Finally, DMSO was proved to be an efficient solvent to solubilize
BR. Diluitions prepared with high concentrated monopotassium phosphate
(0.1 M) still do not give any signal. On the contrary, the use of less concen-
trated buffer solution (PBS 0.01 M) allowed BR detection. Moreover, stock
solution as well as dilutions prepared with PBS 0.01 M remained stable for
hours with regard to either oxidation and precipitation processes.
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3.2. Cyclic voltammetry with bare and nanostructured SPEs

Cyclic voltammetry of BR by using bare SPEs and SPEs nanostructured
with MWCNTs reveals three oxidative processes. In the investigated BR
concentration range (50-150 µM), the first oxidative process (Peak I) appears
at an average potential of 270 mV and the second (Peak II) at 478 mV
(Table 1 to see). Positions of the two peaks remain quite unvaried in presence
or absence of MWCNTs. The third process at highest potentials is present
only in case of higher BR concentrations particularly evident with MWCNT-
based SPEs. All these oxidative processes are proved to be irreversible under
our experimental conditions as some authors have already shown [19, 16].
Peak I and II are attributed to the BR and biliverdin oxidation, respectively
(Reaction 1 and 2).

bilirubin
≈+300mV

−−−−−−−→ biliverdin+ 2H+ (1)

biliverdin
≈+500mV

−−−−−−→ purpurine+ 2H+ (2)

This assumption has been further demonstrated by the Peak I disap-
pearance when we use a BR solution after one week of its preparation and
exposed to the light (Fig. 2). Fig. 3 shows the change in color from orange
to green after this period of light exposure. On the other hand, Peak III is
still present in these working conditions. Indeed, the third oxidative process
is related to the purpurine oxidation to choletelin (Reaction 3).

purpurine
≈+700mV

−−−−−−→ choletelin+ 2H+ (3)

Fig. 4 and Fig. 5 show the increase of the first and the second oxida-
tion peak currents with the BR concentration. The BR range was selected
between 50 and 150 µM since it covers the human plasma levels of BR in
many phato-/physiological conditions [3, 2]. The better electrochemical re-
sponse was found by using MWCNT-based electrode rather than bare SPE.
The highest peak currents registered in presence of MWCNTs are due to the
larger electroactive area following the introduction of nanostructures and also
to MWCNT excellent catalytic activity [21]. Table 2 shows values of sensi-
tivity and LOD determined from Peak I and II by using both a bare and
a MWCNT-modified SPE. Sensitivity and LOD remain almost unvaried by
using bare electrode with respect to Peak I and II. On the contrary, the sens-
ing values change with MWCNT-based SPE if we compute them by using
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Peak I or II. In addition, an improvement of the sensitivity and LOD of one
order of magnitude is registered with nanostructures. The highest sensitivity
(83.4 ± 1.9 µA/(mM cm2)) , better linearity (R2 = 0.99) and lower LOD
(8.0 ± 0.2 µM) were obtained by monitoring the increase of Peak II with the
nanostructured electrode. The low LOD obtained in this case makes possible
to detect BR in physiological range [2] as well as in case of acute and chronic
diseases [3]. Considering these findings, the following computations relate
with Peak II and nanostructured electrodes.

Reproducibility of the MWCNT-based SPEs was studied. Five SPEs were
modified with MWCNTs by using the same procedure. Peak potentials and
currents (Peak II) remain approximatively unchanged. Indeed, for BR 150
µM, the average peak potential and the average peak current are 473 ± 7
mV and 1.7 ± 0.1 µA, respectively. Satisfactory results were obtained by
computing the average sensitivity and LOD with the relative standard error.
Values of 97.3 ± 10.6 µA/(mM cm2) and 8.3 ± 2.6 µM were obtained for
sensitivity and LOD, respectively.

3.3. Measurements in presence of Albumin

Bilirubin is present in body fluids in two forms, water-soluble and water-
insoluble. Water-soluble bilirubin is called conjugated bilirubin, and water-
insoluble bilirubin is called unconjugated bilirubin. Uncojugated bilirubin
is trasported in human plasma bound to a protein carrier, albumin. The
association mechanism of bilirubin with albumin is given by the following
Reaction 4.

Afree +BRfree

K

−−−→ A−BRcomplex (4)

The relation between free albumin, free bilirubin and their complex in
terms of concentrations can be expressed as the binding constant (Eq. 5).

K =
[A−BRcomplex]

[Afree][BRfree]
(5)

Because free bilirubin is a small quantity relative to total bilirubin the
complex Albumin-Bilirubin is almost equal to total Bilirubin. Therefore, the
Eq. 5 can be written as Eq. 6 .

[BRfree] =
[BRtotal]

K([Afree]− [BRtotal])
(6)
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We measured the peak current response by increasing the concentration of
albumin in solution. With albumin 1 mg/ml, sensitivity (16.2 ± 1.6 µA/(mM
cm2)) and LOD (33.1 ± 3.0 µM) decreases and increases less than four times,
respectively. Hypoalbuminemia characterizes certain pathologies such as re-
nal disease, chronic infections and inflammation. In these cases, patients
show plasma albumin levels as low as of 10 mg/ml [29]. By fixing this con-
centration of albumin the sensing performance further goes down (sensitivity:
10.9 ± 1.6 µA/(mM cm2); LOD: 53.2 ± 7.8 µM). Calibration curves for albu-
min levels equal to 0, 1 and 10 mg/ml are shown in Fig. 6. The voltammetric
response of the MWCNT-sensor became negligible for normal albumin con-
centration (30 mg/ml). However, the signal is still present even if the molar
ratio between BR and albumin is equal to 0.33. Up to now, other authors
[10] were not able to measure BR for a molar ratio below 1. The reduction
of the peak current for an increasing concentration of albumin at a fixed BR
concentration (150 µM) is shown in Fig. 7. The drop in current is more
evident when we introduce an amount of albumin equal to 1 mg/ml. On the
other hand, current slightly decreases passing from 1 to 30 mg/ml of albu-
min. This electrode behavior is explained by the decline of free BR as the
albumin level increases (Eq. 6 to see).

Higher oxidative potentials correspond to solutions with higher albumin
concentrations (Table 3 to see). It is probably due to a decrease of the
reaction rate in presence of albumin.

3.4. Detection in newborn jaundice

An excessive amount of BR in the human body (jaundice) is recognized in
various diseases. In particular, the highest levels of BR are found in babies.
It usually occurs that newborns have higher red blood cell breakdown and
their immature livers are not efficient conjugating BR and thus removal of
bilirubin from the bloodstream is delayed. Clinically, untreated jaundice in
neonates can lead to mental retardation, cerebral palsy, deafness and even
death, due to passage of free BR through the blood-brain barrier [4]. Critical
levels of total BR for healthy newborns are greater than 15 mg/dl (≈ 250 µM)
up to 30 mg/dl (≈ 500 µM), but are lower in premature babies. Fig. 8 shows
the experimental calibration curve of the MWCNT-SPE response towards
BR concentration range critical for newborns in presence of normal level of
albumin (30 ml/dl). A linear dependency peak current-BR was found in the
range investigated with a regression equation Ip (µA/cm2) = 4.78 [BR](mM)
+ 0.01 and correlation coefficient 0.99. Sensitivity and LOD was determined
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to be 4.8 ± 0.8 µA/(mM cm2) and 161 ± 27 µM, respectively. Note that LOD
is below the minimum critical BR value for newborns. This finding means
that our sensor could be used to monitor the BR level in babies affected by
both acute or chronic newborn jaundice.

4. Conclusions and future work

The BR electrochemistry has been investigated with SPEs in presence
and absence of MWCNTs in its physio-pathological range (up to 150 µM).
Four oxidative processes are recognized by cyclic voltammetry. The first and
the second ones are related to the BR oxidation in biliverdin and occur at
≈ 300 mV and ≈ 500 mV, respectively. On the other hand, the last two
processes are ascribed to the formation of further oxidative products from
biliverdin. All these reactions are seen to be highly irreversible.

Comparing the sensing parameters, namely sensitivity and LOD, by us-
ing both nanostructured and non-nanostructured SPEs, we have found a
marked enhancement in case of MWCNT-based electrodes. In particular,
the monitoring of Peak II increase has given the highest sensitivity (83.4 ±
1.9 µA/(mM cm2)), the best linearity and the lowest LOD (8.0 ± 0.2 µM).
Interestingly, LOD has been found to be lower enough to detect BR till the
relative physiological range. The increase of Peak II by using MWCNT-based
SPEs has been selected for the following investigations.

The effect of albumin on the BR voltammetric response has been also
studied. Mixtures of a fixed BR concentration (150 µM) with increasing al-
bumin concentrations up to the relative normal values have been prepared. A
reduction of the current signal has been registered together with a worsening
of sensitivity and LOD. This behavior has been explained by the decline of
free BR as the albumin level increases. However, to the best of our knowl-
edge, in this work BR has been detected for the first time for molar ratio
bilirubin-albumin below 1.

Measurements of BR is of great interest for clinicians in diagnosis and
treatment of certain diseases. In particular, the highest BR levels have been
registered in neonatal jaundice (critical range: 200-500 µM). Therefore, ex-
periments in this concentration range have been performed with solutions
having an albumin concentration corresponding to the relative physiological
levels (30 mg/ml). LOD below the minimum critical BR concentration for
newborns has been obtained (161 ± 27 µM). The experiments performed in
presence of varying concentrations of albumin indicate the possibility that
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only free BR, the neutoxic form of BR, is detectable by using our modi-
fied sensor. Further experiments will be performed to confirm this clinically
important observation.

This study proves that the use of MWCNTs for nanostructuring elec-
trodes is promising to improve the performance of a biosensor for BR de-
tection. The proposed sensor has been applied to detect BR for newborn
jaundice taking the BR critical concentration range and a level of albumin
typically found in neonatal children. Investigations are currently in progress
to enhance the sensing of BR of the proposed nanostructured-sensor.
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Table 1: Peak potentials related to the oxidative processes I and II for different BR
concentrations (range 50-150 µM; steps 25 µM).

Concentration (µM) Peak I (mV) Peak II (mV)

Bare SPE 50 282 466
75 290 487
100 273 469
125 271 486
150 279 477

MWCNT-modified SPE 50 260 475
75 263 472
100 252 481
125 260 483
150 264 479

Average 269 ± 12 478 ± 7
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Table 2: Sensing parameters of a SPE with and without MWCNTs related to the oxidative
processes I and II.

Bare SPE Sensitivity LOD R2

(µA/(mM cm2)) (µM)

Peak I 6.4 ± 0.9 49.3 ± 6.7 0.93
Peak II 5.5 ± 0.9 57.0 ± 9.0 0.89

MWCNT-modified SPE

Peak I 43.3 ± 1.9 15.5 ± 0.7 0.90
Peak II 83.4 ± 1.9 8.0 ± 0.2 0.99

Table 3: Peak potential shift by increasing the albumin concentration and using a
MWCNT-based SPE.

Albumin concentration (mg/ml) Potential (mV)

0 479
1 507
5 516
10 537
30 543
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Figure 1: Voltammograms registered with 50 µM BR solution at a scan rate of 20 mV/s.
(A) With bare electrode no significant analyte oxidation occurs between 152 and 196 mV
and between 572 and 615 mV. The baseline (red line) was taken by a linear fitting of these
two portions of the voltammogram. (B) Considering the MWCNTs-based electrodes, the
distance between the maximum current of each peak from the baseline was computed (red
line). The baseline was drawn between the portions of the voltammogram located before
and after each oxidation peak.
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Figure 2: Disappearance of Peak I after a week of light exposure (BR concentration: 500
µM; scan rate: 20 mV/s).

Figure 3: Change in color from orange to green of the BR solution after one week of light
exposure due to the BR oxidation in biliverdin.

16



0.05

0.10

0.15

0.20

0.25

0.30

0.35

-0.05 0.15 0.35 0.55 0.75

C
ur

re
nt

 (µ
A

)

Potential vs Ag/AgCl (V)

50 µM
75 µM
100 µM
125 µM
150 µM

Figure 4: Current Peak I and II at various BR concentrations at bare SPE (50, 75, 100,
125, 150 µM).
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Figure 5: Current Peak I and II at various BR concentrations at MWCNT-based SPE (50,
75, 100, 125, 150 µM).
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Figure 6: Calibration plot for the BR detection in presence of various albumin concentra-
tions (0, 1 and 10 mg/ml).

0

2

4

6

8

10

12

14

-5 5 15 25 35

∆C
ur

re
nt

 (µ
A

 c
m

-2
)

[Albumin] (mg/ml)

Figure 7: Current Peak II versus albumin concentration (albumin concentrations: 0, 1, 5,
10, 30 mg/ml; BR concentration: 150 µM) and relative fitting curve.
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Figure 8: Calibration plot for the BR detection in the range 200-400 µM critical for
neonatal childrens (albumin concentration: 30 mg/ml).
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