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Abstract: Simple analytical devices suitable for the analysis of various biochemical and immunechemical
markers are highly desirable and can provide laboratory diagnoses outside standard hospitals. This
study focuses on constructing an easily reproducible do-it-yourself ELISA plate reader biosensor device,
assembled from generally available and inexpensive parts. The colorimetric biosensor was based on
standard 96-well microplates, 3D-printed parts, and a smartphone camera as a detector was utilized
here as a tool to replace the ELISA method, and its function was illustrated in the assay of TNFα as
a model immunochemical marker. The assay provided a limit of detection of 19 pg/mL when the B
channel of the RGB color model was used for calibration. The assay was well correlated with the ELISA
method, and no significant matrix effect was observed for standard biological samples or interference of
proteins expected in a sample. The results of this study will inform the development of simple analytical
devices easily reproducible by 3D printing and found on generally available electronics.

Keywords: biosensor; colorimetry; cytokine; ELISA; enzyme-linked immunosorbent assay; image;
immunosensor; inflammation

1. Introduction

Immunoassays are standard analytical methods suitable for the detection of several
analytes, and are based on various physical and chemical principles, including spectropho-
tometry, colorimetry, electrochemistry, and radioassay. Methods such as enzyme-linked
immunosorbent assay (ELISA) [1], agglutination tests [2,3], lateral flow immunochro-
matographic assays (also known as lateral flow tests) [4–6], radioimmunoassay [7,8], and
biosensors with antibodies as recognition elements, also known as immunosensors [9–11],
are the most notable. Immunoassays have broad uses. Although some immunoassays are
typical laboratory methods including the ELISA method, the other, simpler methods can
be performed under field conditions or as point-of-care tests (e.g., agglutination tests in
tubes, and lateral flow tests). However, simple methods like agglutination tests or lateral
flow tests have limitations, such as lack of quantification of the marker.

The ELISA method was introduced in the 1970s, and the term enzyme immunoassay,
or EIA, was also common at this time. ELISA gained high popularity and partially replaced
radioimmunoassay because no substantially hazardous material is needed for ELISA. The
ELISA method has some further substantial advantages, making it a widespread tool in
various laboratories, including healthcare facilities, environmental laboratories, and the
food industry, because of its relatively high sensitivity and suitability even for markers with
low concentrations, and the ability to measure multiple samples simultaneously. Standard
ELISA uses microplates with 96 wells, but other arrangements (384 or 1536 wells) are also
possible. The principle of the methods also has an advantage in the multiplication of signals.
Antibodies labeled directly or indirectly interact with the analyte. One analyte molecule
rises to a much higher number of colored reagents as they are gradually converted by the
enzyme linked to the antibody. The coloration can be further improved by prolonging the
incubation time when the analyte is present at low concentration.
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Photogrammetry has recently been used in some works as a platform for immunoas-
says. Analysis of color depth in each well using red, green, and blue channels is an emerging
technique in point-of-care testing methods. However, a simple recording of a well plate
is problematic, due to differences in light conditions potentially occurring in each well.
This problem was addressed from different perspectives in the works of Bergua et al. and
Volpe et al. [12,13]. Although these portable instruments offer smartphone connectivity,
they need a microcontroller platform and thorough programming for proper operation. On
the other hand, there is work from Bagheri et al. in which the proposed platform consists
of a wax-printed 96-well plate ready for colorimetry [14]. Smartphones were also used in
the immunoassays for the detection of meat adulteration [15], carcinoembryonic antigen
assay [16], and pairing with lateral flow tests [17].

The assay of tumor necrosis alpha (TNFα) was chosen as the biosensor testing method
because TNFα is a common immunochemical marker that occurs during inflammation
and various diseases, with the involvement of the innate immune response [18–20]. TNFα
occurs in the body fluids in quite low concentrations, making it a relatively hard marker
to analyze by simple point-of-care tests. Concentrations in the range of pg/mL can be
expected, for example, in the blood plasma [21–23].

One of the current trends in the construction of immunoassays and analytical means
from a global perspective is focused on the miniaturization and simplification of the devices
to make them affordable and easy to operate. Newly invented devices can be designed in
this way. Biosensors specific to TNFα are an alternative to the standard immunoassays.
An electrochemical biosensor comprising metal–organic frameworks, and a modified
gold electrode with monoclonal antibodies was used for the assay TNFα with a limit of
detection of 0.15 pg/mL [24]. In another study, a lab-on-a-chip calorimetric biosensor
was constructed to measure TNFα in the astrocyte’s cell culture media with a limit of
detection of 14 pg/mL [25]. A relatively low limit of detection of 2 fg/mL was achieved
by an assay of a voltametric immunosensor working with gold nanoparticles modified
with multi-walled carbon nanotubes and a bimetallic sensor [26]. The newly constructed
biosensors are quite effective analytical devices. Still, they can also have some drawbacks,
including problems with mass production due to new technologies not common in the
industry, limited possibility to rebuild them for other analytes, and high prices for the used
advanced materials and technologies.

The ELISA method is a standard method where significant changes in the assay princi-
ple are possible because universality should be maintained; however, simplification would
make the assay more accessible outside laboratories. A microplate reader is a device nec-
essary for the ELISA method and it is also a relatively expensive spectrophotometer, as
multiple channels need to be processed simultaneously. In recent years, new approaches
were introduced to make ELISA more available, and though they are not ready for im-
mediate application, they provide a functional outcome [27–30]. This study focuses on
constructing an easily reproducible do-it-yourself ELISA plate reader biosensor device as-
sembled from generally available and inexpensive parts. It contains a common smartphone
camera and a 3D-printed box that provides constant illumination. This biosensor device
is considered a cheap alternative to microplate-based assays, allowing the ELISA to be
performed even outside standard laboratories. The general principle of the idea is depicted
in Figure 1.
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2. Materials and Methods 
2.1. ELISA for TNFα 
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(Sigma-Aldrich, Merck Group, St. Louis, Missouri, United States) solved in phosphate-
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A sample with a volume of 100 µL was applied per well, and microplates were cov-
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20. Then, 100 µL of a fresh solution containing a liquid substrate 3,3′,5,5′-tetramethylben-
zidine for ELISA (Sigma-Aldrich) was added and left to incubate for 40 min. The reaction 
was stopped by adding 1 mol/L of sulfuric acid in an amount of 100 µL and optical density 
was measured by ELISA reader MRX (Dynatech Laboratories, Chantilly, VA, USA) at 450 
nm or by the newly developed biosensor. The blank assay was based on the analysis of 
PBS processed as a sample.  

2.2. The 3D-Printed Colorimetric Biosensor and Its Use 
The 3D models were printed on a Prusa i3 MK3S+ (Prusa Research, Prague, Czech 

Republic) printer using white acrylonitrile styrene acrylate (ASA) and polyethylene ter-
ephthalate glycol (PETG) filament (Prusa Research), with a diameter of 1.75 mm. PETG 
was used only for the mobile phone adapter, while the other parts had to be printed by 
ASA because the light source used is powerful and emits heat that would degrade the 
PETG-printed cells with prolonged use of the device.  

The parts were printed at 20% fill (gyroid mode) with a minimum of 3 perimeters. 
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Figure 1. The general principle of the colorimetric biosensor based on a smartphone and ELISA mi-
croplates.

2. Materials and Methods
2.1. ELISA for TNFα

ELISA was performed on 96-well microplates with flat well bottoms of PolySorp type
(Thermo Fisher Scientific, Waltham, MA, USA). TNFα of human type (Sigma-Aldrich,
Merck Group, St. Louis, MO, USA) solved in phosphate-buffered saline with a pH of
7.4 (PBS), or spiked in human volunteer blood plasma, PBS spiked with various proteins,
or pure PBS served as samples.

A sample with a volume of 100 µL was applied per well, and microplates were
covered with a self-adhesive lid and incubated at room temperature under orbital shaking.
Subsequently, the solution was poured, and the wells were washed four times (200 µL per
cycle and well) by PBS with 0.05% Tween 20. The washed wells were blocked with 100 µL
of 0.1% gelatin, covered with a self-adhesive lid and placed in an orbitally shaken box with
a temperature set at 37 ◦C for one hour, and then washed again four times with PBS with
Tween 20. In the next step, 100 µL of an anti-human TNFα antibody of IgG type produced
in rabbits (Sigma-Aldrich) diluted 1:100 was injected per well, and the plates were covered
by a self-adhesive lid and incubated at 37 ◦C with constant orbital shaking for 60 min.
After repeated washing with PBS with 0.05% (v/v) Tween 20, an anti-rabbit IgG polyclonal
antibody labeled with horseradish peroxidase and produced in goats (Sigma-Aldrich) was
dissolved 1:100 in PBS and applied in an amount of 100 µL per well; the microplates were
covered with a self-adhesive lid and subjected to incubation at 37 ◦C with constant orbital
shaking for 60 min, and the wells were washed with PBS with Tween 20. Then, 100 µL
of a fresh solution containing a liquid substrate 3,3′,5,5′-tetramethylbenzidine for ELISA
(Sigma-Aldrich) was added and left to incubate for 40 min. The reaction was stopped by
adding 1 mol/L of sulfuric acid in an amount of 100 µL and optical density was measured
by ELISA reader MRX (Dynatech Laboratories, Chantilly, VA, USA) at 450 nm or by the
newly developed biosensor. The blank assay was based on the analysis of PBS processed as
a sample.

2.2. The 3D-Printed Colorimetric Biosensor and Its Use

The 3D models were printed on a Prusa i3 MK3S+ (Prusa Research, Prague, Czech
Republic) printer using white acrylonitrile styrene acrylate (ASA) and polyethylene tereph-
thalate glycol (PETG) filament (Prusa Research), with a diameter of 1.75 mm. PETG was
used only for the mobile phone adapter, while the other parts had to be printed by ASA
because the light source used is powerful and emits heat that would degrade the PETG-
printed cells with prolonged use of the device.

The parts were printed at 20% fill (gyroid mode) with a minimum of 3 perimeters.
The filament temperature was standard −230 ◦C for PETG, 60 ◦C pad; 250 ◦C for ASA,
110 ◦C pad.
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The reflector parts were bonded using an acetone ASA solution (0.05 g/mL). A smaller
part, containing the heat sink-indicated LED module, was inserted from the inside into the
shade. An array of four LEDs (red 2.25–2.6 V DC 620–630 nm, green 3.3–2.9 V DC 520–535
nm, blue 3.1–3.7 V DC 450–465 nm, white 3.1–3.7 V DC 5700–8000 K) total power 12 W,
light angle 120◦, and luminous flux 370–430 lm (Cree 12W XML RGBW, CreeLED, Inc., 4001
E Hwy 54, Suite 2000, Durham, NC 27709 USA). The circuit diagram of the LED module is
shown in Figure 2.
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Figure 2. Circuit diagram for LED module used in the biosensor. The number of contacts is indicated
in the diagram.

After the reflector was glued together, a milky Plexiglas (128 × 85 mm, 67% trans-
mittance), wrapped on two sides with an office rubber band was inserted. Next, the LED
module with a heat sink was attached to the prepared projections with binding wire.

The power cable was then fed through a hole in the base and connected to the rest of
the electronics.

A smartphone (Redmi Note 11 Pro, Xiaomi, Haidian District, Beijing, China) was
placed on the mobile phone adapter and used as a detector for coloration. The same
microplates as those used for ELISA (see the previous section) were assayed by the biosensor.
The standard camera mode was selected, while the integrated camera flash was switched
off. Illustrative photographs of the entire device are depicted in Figure 3.
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2.3. Data Processing

The same microplates were measured by the ELISA reader and the newly constructed
biosensor. Every sample was measured in five repeats by both ELISA and the biosensor
assay. The 8-bit photographs in jpg format were taken by the smartphone-integrated camera
and were processed for color depth at five randomly selected points, taken from the area of
half of the semi-diameter. One photograph simultaneously covered 24 wells of a microplate.
A color depth value was determined for each point, and each color channel of the RGB
color model using the free and open-source GIMP 2.10.36. Finally, the difference in color
depth was calculated from the average color depths of the sample and the blank assay
using the following equation: ∆ Color depth = Color depth (blank) − Color depth (sample).
The limit of detection was calculated as the point on the calibration curve equal to the
triplicate of the control assay (rule signal to noise equal to three). Statistical significance
was tested for parametric ANOVA for probability levels p = 0.05 and p = 0.01.

3. Results and Discussion

The biosensor was calibrated for TNFα solved in PBS using the range of mass 0, 1.0,
2.5, 5.0, 7.5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, and 500 pg/mL in a 100 µL
sample. The calibration for the three-color channels is depicted in Figure 4. Of the three
channels, the B channel had the best sensitivity. The dynamic range for the color depth
was equal to 144, and the limit of detection was calculated to be 19 pg/mL when the B
channel served as the assay. The R and G channels provided significantly worse results. The
dynamic range for the color depth was equal to 14 for the R channel and 8 for the G channel.
The limit of detection reached 44 pg/mL for the R channel and 56 pg/mL for the G channel.
Because the B channel provided the best sensitivity, it was chosen for further experiments.
The best limit of detection can cover potential pathologies in which inflammation takes
place and TNFα serves as a marker. For example, serious pathologies like sepsis can cause
an increase in TNFα blood levels to the average level of around 700 pg/mL [31]. On the
other hand, the healthy population has a TNFα blood level of around 8 pg/mL [32], which
is less than the limit of detection of the biosensor presented here. For comparison, the
standard method ELISA used in this work as a reference method reached the limit of
detection of 2.1 pg/mL, which provides an advantage over the biosensor assay, and more
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effectively covers concentrations of TNFα blood levels in healthy individuals. Despite the
lower sensitivity of the biosensor assay compared to the ELISA, the biosensor assay is fully
applicable to cover inflammation, and can be used to detect TNFα in patients suffering
from pathologies where TNFα serves as a marker and to distinguish them from healthy
individuals. The budget smartphone camera and light source are responsible for the lower
sensitivity of the biosensor assay compared to the standard method ELISA. The camera
chip, with a size of 1/1.52”, a pixel size of 0.7 µm, and 8-bit output with a dynamic range
of color depth 0–255, are of course the main limiting factors.
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Figure 4. Assay of TNFα solved in PBS using a 3D-printed colorimetric biosensor and a standard
96-well microplate. Color depths for each RGB color channel were determined and calibration curves
for each color channel were made. Error bars indicate the standard deviation for five repeats.

The assay was tested for potential interference from other substances. Interleukin
6, butyrylcholinesterase, and human serum albumin were tested at a concentration of
50 ng/mL. None of the proteins tested provided a signal significantly different from PBS,
while all the tested proteins provided a signal significantly (p = 0.05) lower than that
observed during the assay of TNFα at 20 pg/mL. The results of the interference experiment
are depicted in Figure 5.

The validation of the biosensor assay to the standard ELISA was another experiment
that checked the plausibility of the analytical results. Both ELISA and biosensor analyzed
three samples with 50, 100, and 200 pg/mL TNFα concentrations, and the results of the
assays were recalculated to concentrations using calibration plots. The validation results
are depicted in Figure 6. The quality of antibodies used in the assay should be considered.
The low interference of the tested proteins and reliable validation tests are mainly based
on the specificity of antibodies used in the assay. The biosensor assay will have the same
limitations as the ELISA method. When the two methods are compared together, the
biosensor assay has a lower sensitivity, but it is a substantially simpler assay. The lower
sensitivity is not a significant problem because the purpose of the assay is to reveal serious
pathologies in the first screening, and the level of TNFα is quite high in these pathologies.

The effect of the matrix on the assay was another experiment that confirmed the plau-
sibility of the results. Samples including 100 pg/mL of TNFα were prepared by solving in
PBS, tap water, collected blood from healthy volunteers, human blood plasma from healthy
volunteers, and urine from healthy volunteers. All samples were assayed by the standard
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procedure, and the change in color depth was recalculated to the concentration of TNFα using
calibration in the B channel. The results of the assay are depicted in Table 1. The results did not
have significant differences (ANOVA, p 0.05). This experiment shows that any matrix effect
can be anticipated when standard clinical samples are processed. The result is substantially
based on the quality of used antibodies, and the arrangement of the test.
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interleukin 6 (IL6), and pure PBS are depicted. The difference in color depth was calculated for the B
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The biosensor presented here and its use in conditions outside laboratories complies 
with the common trends to prepare analytical tools for more available diagnoses. It also 
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ity, the biosensor cannot be considered a typical point-of-care device because manipula-
tion of microplates and reagent applications has some requirements, and it is a significant 
simplification of laboratory equipment where standard immunoassays are used. A cou-
pling of four webcams and appropriate low-cost hardware, such as single-board computer 
platforms, should be further considered if designing a similar instrument. It would thus 
still allow the simple introduction of an assay like the ELISA in conditions where ELISA 
readers are unavailable, or funds for laboratory equipment are restricted.  

The analytical specification of the biosensor assay is not better than the standard 
ELISA kits available on the market and has limits of detection even under pg/mL. 

Figure 6. Validation of TNFα assay by biosensor (B channel) using ELISA as a standard method.
Error bars indicate the standard deviation for five repeats.

The biosensor presented here and its use in conditions outside laboratories complies
with the common trends to prepare analytical tools for more available diagnoses. It also
falls into the current trends discussed in the cited papers [33–39]. Despite overall simplicity,
the biosensor cannot be considered a typical point-of-care device because manipulation
of microplates and reagent applications has some requirements, and it is a significant
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simplification of laboratory equipment where standard immunoassays are used. A coupling
of four webcams and appropriate low-cost hardware, such as single-board computer
platforms, should be further considered if designing a similar instrument. It would thus
still allow the simple introduction of an assay like the ELISA in conditions where ELISA
readers are unavailable, or funds for laboratory equipment are restricted.

Table 1. Testing of matrix effect on assay by the colorimetric biosensor in the B channel.

Sample TNFα (pg/mL) RSD (%) Recovery (%)

PBS 105 ± 11 11 -
Blood 113 ± 15 13 108

Plasma 108 ± 13 12 103
Urine 98 ± 16 16 93.3

The analytical specification of the biosensor assay is not better than the standard ELISA
kits available on the market and has limits of detection even under pg/mL. Nevertheless,
all standard ELISA kits require the use of microplate readers. The purchase price of
such instrumentation typically exceeds thousands of USD/EUR. The proposed biosensor
platform has a purchase price of less than approximately USD/EUR 10 for a 3D-printed
platform with the light source plus the smartphone’s cost. Because any smartphone can be
used, there is no need to use a specific one, and a universal device in the workplace or a
private smartphone can serve for coloration recording.

Some analytical devices based on the ELISA principle were introduced based on 3D-
printed platforms [27–30]. These devices were quite effective replacements for microplate
reader assays, but they still required technologies that were not easy to reproduce on-
site. Smartphone-based immunoassays were also introduced and successfully tested with
promising results, but with technology that was still not ready to use [40,41]. Similar results
to those described here were achieved by Berg and coworkers, who decided to analyze
specific antibodies against the herpes simplex virus by an analytical device based on a
smartphone and 3D chassis [42]. This approach confirms that the idea of a 3D-printed de-
vice for the ELISA is feasible, though the cited study focused on antibodies of IgG isotypes
occurring in high concentrations, making such an assay less difficult.

4. Conclusions

Simplified devices that provide instrumental diagnostics of various pathologies and
can be placed close to patients are highly desirable. They can provide faster turnaround
times, reduce the distance that the biological samples should be transported or the patient
should travel, save costs, and generally make medical services more accessible. This issue
is not so imminent in countries with developed health services. However, such simple
devices are required at sites where a mass casualty event happens, health services are not
available, in healthcare provided by militaries during peacekeeping operations, etc. Only a
limited number of such devices are currently available for such purposes.

The developed colorimetric biosensor represents a simple and reliable analytical
device. The combination of a common smartphone camera and 3D-printed parts makes
the biosensor device highly available, and allows it to be used in improvised laboratories,
poorly equipped laboratories of field hospitals, and similar sites.

Although the biosensor has been described as an analytical tool for an assay of TNFα,
the biosensor platform is universal, and may be easily adapted for other analytes by
replacing the specific antibodies with others. TNFα served as a model analyte, and the
principle of the assay does not differ from the assay of other analytes with similar physico-
chemical properties. The results of this study provide for the development of simple
analytical devices easily reproducible by 3D printing and can be achieved using generally
available electronics. The overall idea of the construction came from the approach of
do-it-yourself analytical devices. All the experiments conducted in this work confirmed the
possibility of making an analytical device capable of detecting even markers occurring in
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low levels, and suitable for processing common biological samples taken for examination
in laboratories of clinical biochemistry and clinical immunology.
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