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Abstract—The establishment of an accurate and efficient method for the sensitive detection of protein concentrations in
fluids using miniaturized electrochemical sensors is presented. As protein levels in wounds can be utilized to assess the
status and severity of a wound and determine the best course of treatment, real time quantification is potentially extremely
valuable. The experimental methodology for monitoring protein concentrations using screen printed carbon electrodes
(SPCEs) that requires minimal sample size (as small as 80 µL) for each measurement is presented. The technique was
modelled and implemented using bovine serum albumin (BSA) concentrations from 0.3 to 30 mg/ml and was used to detect
changes in concentration. The results demonstrated a good stability and reproducibility when making measurements on
different protein concentrations. This technique was tested and verified using two different types of screen printed carbon
electrodes (SPCEs), while both consist of three electrode electro-chemical cell, one has an added Poly-L-Lysine coating
to anchor protein and improve efficiency. The objective of this work was to establish for the first time a device with the
necessary mathematical model that can be used by clinicians to assess the severity of the wound through measuring the
protein concentration.

I. INTRODUCTION

Light weight low power disposable electrochemical biosensor
technologies are becoming increasingly utilized in healthcare as
they facilitate patient independent living and help support remote
monitoring of vital signals, falls and movement. In the case of skin
wounds they are utilized for chronic or slow healing wounds with
diabetic patients [1]. Improving remote monitoring techniques not
only improves treatment but increases the quality of life for the
patient and also reduces the need for face to face consultations and
treatments with healthcare providers. The cost of treating wounds is
constantly a critical issue as it is estimated to account for at least
3% of the total healthcare expenditure in most developed countries
[2] and in 2012 the UK spent approximately £5.1 billion on costs
associated with clinical wound care management [3].

One approach to assess the severity of wounds [4] is through
testing the pH level. It has been measured extensively in the past and
is considered a good indicator of wound state, because the pH of the
surface of human skin is usually slightly acidic and lies in the range
of 4.2 - 5.6. Once pH starts to rise, bacteria survival and proliferation
increases and infection can become established resulting in delayed
healing or complete lack of wound healing [5]. However, due to the
composition of the environment of skin with open wounds pH sensors
can suffer from interference effects on the sensing performance from
ions present in wound fluids [6].

Another qualitative biomarker that can be indicative of wound
severity conditions is protein concentrations, for which a concentration
> 15 mg/ml is indicative of an inflamed wound [7]. The normal protein
level in a healing wound is 9 mg/ml, contrasted against levels of 35
mg/ml for chronic slow healing wounds [8]. One successful approach
in detecting protein concentrations is using electrochemical sensors
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[9]. Different types of empirical testing that have been conducted in the
past include impedance spectroscopy, potentiometry and amperometry
[10] to detect glucose and nucleic acids, as well as protein [11–13].
In one recent study impedance spectroscopy was used to study the
protein concentration in pasteurized milk focusing only on utilizing a
potentiostat [14]. Electro-chemical sensing methods can provide high
sensitivity, they are relatively easy to implement and setup and most
importantly are suitable for miniaturization and for incorporation
into wearable garments and accessories [9].

One method of fabricating miniaturized flexible biosensors is by
screen printing the electrodes. Screen printing electrodes is proving
to be useful not only because they provide reliable miniaturized
electronics for data capture and signal detection, but they are
also suitable for the mass production of reproducible electrodes
at commercially realistic production costs [15]. The technology
used in fabricating this type of electrodes can also improve patient
independence by integrating a wireless module and readout electronics
to monitor and record data remotely [4]. Importantly, their structure
and geometry is extremely flexible, making this technique more
adaptable than conventional electro-chemical cells that use at least
two metal rods (commonly silver) as electrodes immersed in the
solution under test in a glass container.

To develop an empirical testing methodology, one common material
that is easy to make and produce precise samples often used as a protein
concentration standard is bovine serum albumin (BSA) [16]. The use
of BSA as a protein source specifically when testing electrochemical
sensors has been previously utilized by others [12, 17]. BSA is useful
because human albumin is the most abundant protein in blood plasma
and represents 50% of total protein present in wounds, which makes
it a good representative of protein in blood [18]. Not to mention
that its concentration is easily standardized and altered precisely to
evaluate the detection range. BSA dissolved in water was the binary
protein solution used to present protein in a water based liquid. For
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the first time in the literature, this research proposes a mathematical
model based on empirical measurements conducted on different
concentrations of BSA solution to mimic the protein concentration
present in a slowly healing wound. The sensors currently used to
conduct measurements consist of three electrodes: counter, working
and reference, printed using carbon ink. This model can be used
to predict protein concentration by conducting a series of empirical
cyclic voltammetery experiments and recording the output current
produced at the working electrode.

This article was structured as follows. Section II described
the experiment design and methodology. Section III presented
experimentally derived results and also how a model was established
to estimate the protein concentration in a fluid sample. Section IV
was the conclusion.

II. EXPERIMENTAL SETUP

A. Materials and Instrumentation preparation

1) Materials: Bovine serum albumin (BSA) powder as it is com-
posed of 583 amino acids and is considered as a standard for protein
quantification which was prepared using heat shock fractionation and
purchased from Sigma-Aldrich (Steinheim, Germany). 8 samples of
BSA were prepared with different concentrations and diluted using
deionized water: 30, 23, 18, 11, 7, 3, 1, 0.3 mg/ml. The range
of concentrations were chosen based on the concentration limit of
the BSA powder under test which is 40 mg/ml. Supermarket fresh
pasteurized semi skimmed milk fluid available at 34 mg/ml was used
to cross validate the proposed empirical model at three concentrations
34, 24, and 4 mg/ml, diluted as required using deionized water.

2) Instruments: Screen-printed carbon electrodes (SPCEs)
(Metrohm Dropsens, Oviedo, Spain) had a 4 mm diameter carbon
working electrode, a carbon counter electrode, and a silver/silver
chloride (Ag/AgCl) reference electrode. The structure of the SPCEs
is shown in Fig. 1[19]. These sensors are suitable for both; inserting
a micro-volume of fluid or dipping them in solutions. The electrodes
sit on a ceramic substrate with the dimensions: : L33 x W10 x H0.5
mm. The two types of SPECEs used for comparison are : type 1 is
named 110 and type 2 110 PLYS (Poly-L-Lysine coated).

Fig. 1. Structure of SPCE and setup used [19]

B. Experimental Procedure

Conducting cyclic voltammetry was used to analyze the redox
reaction on different protein solutions and record the oxidation peak

TABLE 1. Cyclic voltammetry measurement parameters

Parameter Value

Measurement type CV staircase

Scan rate 0.08 V/s

Start potential 0.0 V

Step 0.0025 V

Upper vertex potential 1.6 V

Lower vertex potential -1.2/-1.6 V

obtained using an AUTOLAB potentiostat device. The set parameters
of Metrohm AUTOLAB software are listed in Table 1. The sensors
consisted of three electrodes: counter, working and reference screen
printed using carbon and silver inks known as DropSens. They were
screen printed and had a 2D strip structure and an overall dimension
of 3.4 x 1.0 x 0.05 cm. Two types were used and tested to compare
and validate the experimental methodology proposed. The former
design was termed 110 and the latter referred to as 110 PLYS by
the manufacturer. Both SPCEs had the same features, but the latter
had a coating on top that provided a protein anchoring mechanism.
These electrodes only required a very small sample volume (which
could be as small as 4 µL), the carbon layer acted as a barrier and
prevented the oxidation of the silver electrodes.

The setup used to conduct measurements is provided in Fig. 1,
where the sensor is enclosed in a high humidity environment to prevent
drops from evaporating. To achieve this, the sensors were surrounded
by water containers which also contained ice to minimize any change
in temperature with that further changes in the rate of evaporation.
Control of the environment was key in order to continuously monitor
the sample over a period of four hours.

The empirical experimentation was divided into two main stages:
1) Stage 1: :30 mg/ml of BSA was tested using the two types of

SPCEs. 30 mg/ml is the highest concentration under test and is the
most indicative of protein in fluid. In each test, a cyclic voltammetry
measurement was taken continuously over a period of 270 minutes
as illustrated in Fig. 2. It was noticed that after 270 minutes, minimal
changes in response occurred, therefore it was not considered as the
aim of this experiment was to observe any changes to the redox
reaction.

2) Stage 2: :Different concentrations of each test solution were
tested once using both types of SPCEs. Oxidation current peaks
were obtained for each concentration (30, 25, 20, 18, 15, 11, 7,
3, 1, 0.3 mg/ml) and used to determine the relationship between
concentration and output current observed at oxidation. Additionally,
to cross validate the model, milk was tested, analyzed and compared
in the same way.

III. RESULTS AND DISCUSSION

A. SPCE type comparison

Measurements were recorded continuously over a period of 270
minutes, Fig. 2 using both SPCE type 1 and type 2. The oxidation peak
stabilized at approximately 30 minutes. The graph 2(A) are the results
obtained using the SPCE type 1 (original dropsens design), while 2(B)
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are for type 2 (which has an added Poly-L-Lysine coating). Because
Type 2 captured proteins more effectively, the current recorded at
oxidation peak changes considerably less between the different runs
in comparison with Type 1 by almost half the current ( 0.04 mA and
0.08 mA) . It was important to note that the potential applied was
different between the two types of SPCEs, because type 2 required
a higher negative potential for the reduction reaction to complete.
However, because the current response observed when using Type
2 is more stable, in the future, type 2 is better equipped to conduct
this experiment despite the voltage potential needed to complete the
measurement.

Fig. 2. Continuous measurement of BSA using SPCE (A) Type 1 and
(B) Type 2

Fig. 3 shows a bland-altman plot comparing the oxidation peaks
of 30 mg/ml BSA solution using both SPCEs to demonstrate their
similarity. This also validated the method being implemented to
measure protein concentrations, because for the same sample the
two SPCEs presented a level of similarity as the points on the graph
always existed within the double standard deviation boundaries.

Fig. 3. Comparison between the two types of SPCE

B. Empirical model

Equation (1) was established based on the relationship observed
between protein concentrations in fluid and current produced during

the redox reaction. In the equation, current peak (mA), protein
concentration (mg/ml), rate of increase in output current based on
change in concentration for each solution and expected current peak
with zero concentration (mA) are denoted by �2>=,"?A>,',�0.

"?A> = (�2>= − �0)/' (1)

To illustrate how this formula could be implemented and
demonstrate its ability to identify and distinguish concentrations, an
example was presented in Table 2 where varying BSA concentrations
were prepared and were chosen to validate the sensitivity that can be
captured by the SPCEs and the corresponding maximum peak obtained
during oxidation measured and recorded. The values calculated are
based on the average of three measurements repeated for each solution.

TABLE 2. Parameters obtained and calculated for BSA

SPCE Conc. (mg/ml) �2>=(mA) Cal. ' Cal. �0 (mA)

Type 1

30 0.071

0.025 0.163 0.02

0.3 0.01

Type 2

30 0.093

0.026 0.163 0.029

0.3 0.011

In addition to the concentrations listed in Table 2, 8 additional
concentrations from 0.3-30 mg/ml were also tested and recorded. The
values are then plotted on a graph and the best fit line is estimated.
The calculated rate is based on the slope of the best fit line of all
the measured values Fig. 4. Moreover, �0 was also deduced from the
best fit line for each SPCE. The computed ' and �0 for both SPCEs
are in Table 2.

To cross validate the model proposed, fresh milk was used as a
different source of protein fluid to test at different concentrations. The
same methodology was repeated but with different concentrations to
the ones used in Table 2. To calculate %0 and �0, the experiments
were only conducted using SPCE type 2, because as been presented
in Fig. 2, type 2 stabilized quicker and therefore are more efficient
to be used for this model.

TABLE 3. Parameters obtained and calculated for Milk

SPCE Conc. (mg/ml) �2>= (mA) Cal. ' Cal. �0 (mA)

Type 2

34 0.6

0.014 0.1617 0.4

4 0.2

The computed value of ' indicated that the rate at which the current
changed with varying protein concentration was slightly slower, and
therefore the sensor was less sensitive to any change, despite the fact
that the oxidation peak was much higher than the range of peaks
obtained for BSA. Moreover, the �0 of milk was almost the same as
BSA, which verified the model. This was because �0 is a computed
estimate of the peak obtained with zero concentration and should
remain in the same range ( 0.16).



0000000 VOL. 1, NO. 1, OCTOBER 2021

Fig. 4. Predicted relationship between protein concentration and out-
put current

This research can be used by first identifying the parameters ' and
�0 and then by using the formula derived from the best fit line shown
in Fig. 4, an unknown protein concentration can be determined by
plotting the IV of a cyclic voltammetry experiment conducted on
liquids and capturing output current obtained at the oxidation peak.
In the case of BSA where ' and �0 estimated to be 0.026 and 0.16
respectively, the parameters can be substituted in equation 2. In the
case of milk, ' is 0.014 instead of 0.026. Therefore, in the future an
unknown concentration of both BSA and milk can be identified using
the equations (2) by observing the oxidation peak current obtained
through cyclic voltammetry conducted on SPCE Type 2.

"?A> = (�2>= − 0.16)/(0.026) (2)

IV. CONCLUSION

A new approach to analyzing and modelling the relationship
between the amount of protein dissolved in a water based liquid
with the output current observed at the working electrode of
an electrochemical cell when conducting cyclic voltammetry has
been demonstrated and experimentally validated. A methodology
for comparing and identifying protein concentrations has been
outlined and an empirical model established for two types of protein
solutions, BSA and fresh milk. BSA was used to establish the
methodology of determining the protein concentration from the
measured output current value, while the latter solution was used
to cross validate the established model. Furthermore, two types of
SPCEs were used when conducting measurements to validate the
proposed empirical methodology. This model can be used to predict
and assess the condition of a wound through conducting minimally
invasive measurements in real time directly on a wound.
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