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1. Introduction

Modular 3D-printed fluorometer/photometer for
determination of iron(i), caffeine, and ciprofloxacin
in pharmaceutical samplest

Rafaela Silva Lamarca, © Jogo Pedro Silva, © Jodo Paulo Varoni dos Santos, &
Saidy Cristina Ayala—Durén@ and Paulo Clairmont Feitosa de Lima Gomes & *

The demand for the development of portable and low-cost analytical devices has encouraged studies
employing additive manufacturing techniques, such as 3D-printing. This method can be used to produce
components such as printed electrodes, photometers, and fluorometers for low-cost systems that provide
advantages including low sample volume, reduced chemical waste, and easy coupling with LED-based
optics and other instrumental devices. In the present work, a modular 3D-printed fluorometer/
photometer was designed and applied for the determination of caffeine (CAF), ciprofloxacin (CIP), and
Fe(n) in pharmaceutical samples. All the plastic parts were printed separately by a 3D printer, using Tritan
as the plastic material (black color). The final size of the modular 3D-printed device was 12 x 8 cm. The
radiation sources were light-emitting diodes (LEDs), while a light dependent resistor (LDR) was used as
a photodetector. The analytical curves obtained for the device were: y = 3.00 x 10~* [CAF] + 1.00 and R?
= 0.987 for caffeine; y = 6.90 x 1072 [CIP] — 3.39 x 1072 and R? = 0.991 for ciprofloxacin; and y = 1.12 x
107! [Fe()] + 1.26 x 1072 and R® = 0.998 for iron(i). The results obtained using the developed device
were compared with reference methods, with no statistically significant differences observed. The 3D-
printed device was composed of moveable parts, providing flexibility for adaptation and application as
a photometer or fluorometer, by only switching the photodetector position. The LED could also be easily
switched, permitting application of the device for different purposes. The cost of the device, including the
printing and electronic components, was lower than USS$10. The use of 3D-printing enables the
development of portable instruments for use in remote locations with a lack of research resources.

The first step of the 3D-printing process consists of drawing
the intended object, commonly employing computer-aided
design (CAD) software. After this step, the CAD drawing is con-

In the last decades, there has been an increasing demand in
analytical chemistry for the development of low-cost and
portable devices that offer high analytical frequency. As a result,
additive manufacturing and the development of 3D-printing
has emerged as a highly promising technology for use in
different research areas."

3D-printing can be used to manufacture objects with specific
characteristics, according to the required need, enabling
prototypes to be produced easily, in a few steps and at low-cost.
Furthermore, the layout can be modified and adjusted, without
any requirement for the use of complex manufacturing
processes and expensive equipment.*?
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verted into a Standard Triangle Language (STL) file compatible
with the printer used. The STL file is converted into sequential
2D layers, called a G-code file. The 3D-printer then produces the
object, based on the information present in the G-code.*

Many research areas already use the benefits of 3D-printing.
In analytical chemistry, applications have included the devel-
opment of sensors/biosensors, electrodes, microfluidic devices,
SPE columns, spot tests, and low-cost devices for educational
purposes.>***° In medicine, the use of 3D-printing is growing in
different areas of research, such as the development of solid
oral pharmaceutical formulas and the controlled release of
drugs for the treatment of diabetes.'>** In industry, in the so-
called fourth industrial revolution, 3D-printing is widely used
in the production of robotic components, as well as in the
manufacture of various stainless steel parts.™

In analytical chemistry, the 3D-printing techniques used
include selective laser sintering (SLS), selective laser melting
(SLM), laser-assisted stereolithography (SLA), digital light pro-
cessing (DLP), and fused deposition modeling (FDM).*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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FDM 3D-printing is based on the extrusion of heated ther-
moplastics, such as polylactic acid (PLA), acrylonitrile-
butadiene-styrene (ABS), and Taulman Tritan high-tensile
polyester (Tritan). This technique involves the layer-by-layer
deposition of the heated thermoplastic, until the intended
object is formed.>* The temperature commonly used to manu-
facture items varies in the range from 230 to 285 °C, depending
on the thermoplastic material employed.*** It is known that ABS
filaments are more ductile, compared to PLA and Tritan.
However, PLA and Tritan are more rigid, stronger, non-brittle,
and provide greater mechanical resistance to traction. Tritan
is more expensive than PLA, but has the advantage that it has
high chemical resistance to acids, bases, and water, making it
suitable for many applications.™ The preference for the use of
PLA or Tritan in the printing of 3D parts lies in the fact that
these materials are (bio)polyesters that are biodegradable,
environmentally friendly, and safe to use. In addition, they can
be produced on a large scale, at relatively low-cost.***

When spectrometric/fluorometric systems are used, an
important parameter to consider is the type of radiation source.
Currently, LED technology shows promise in many different
fields, including the use of LEDs as radiation sources, due to the
advantages of high brightness, low energy consumption, high
conversion of electrical power to light, and almost zero heat
generation.” The use of LED-based devices is growing in
chemistry, where they are used in a variety of applications, such
as the detection of gas molecules, sensors based on absorbance,
and the replacement of conventional light sources."®

The main objective of this work was to develop a simple, low-
cost, modular light-emitting diode (LED) photometer/
fluorometer, based on FDM 3D-printing. The modular 3D-
printed device could be operated with the photodetector in
different positions, obtaining two different configurations, as
a photometer or a fluorometer. The radiation source could also
be easily switched, permitting adaptation of the system
according to the needs of the analyst. The 3D-printed device was
applied for the determination of iron ions, caffeine, and
ciprofloxacin in pharmaceutical formulations. Caffeine (CAF) is
the most consumed psychoactive in the world,"” found in
medicines, teas, coffees, and energy drinks. The use of CAF is
associated with improvements in mood and physical perfor-
mance, in addition to stimulating brain function.*® The moni-
toring of this compound in beverages is necessary, since it can
have mildly addictive effects in users." Ciprofloxacin (CIP) is an
antibiotic routinely used in the treatment of a wide variety of
bacterial diseases.?® Fe(u) is used in cases of anemia caused by
deficiency of iron, especially in women of reproductive age and
children. The applicability of the 3D-printed device was
compared to the traditional techniques of HPLC and
spectrophotometry.

2. Experimental
2.1 Photometer/fluorometer conception and construction

The photometer/fluorometer device was drawn using FreeCAD
v. 0.18, an open-source 3D CAD software package. The device
consisted of two main parts. The base compartment had a space
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for a cuvette and fittings for smaller parts, such as light source
and detector compartments, wires, and electronic connectors.
The top lid enabled the device to be closed, avoiding the
interference of external light during the analysis. A schematic
drawing of the device is presented in Fig. 1, where the legend
provides a brief description of all the device components. As can
be seen, the device consisted of modules, enabling its assembly
in different configurations. It was possible to switch the LEDs
used as light sources, as well as the shields containing slits with
varied diameters. Furthermore, the device could operate as
a photometer or fluorometer, only requiring switching of the
photodetector position (Fig. 1).

All the plastic parts were printed separately by a 3D-printer
(Core A3v2, GTMax3D), using Tritan copolyester as the filament
material. The printing conditions were an extrusion tempera-
ture of 270 °C, bed temperature of 110 °C, and filament depo-
sition print velocity of 70.0 mm s~ . Fig. 2A shows a photo of the
fluorometer/photometer produced by 3D printing. Fig. 2B
shows a picture of the 3D-printed device and the fluorescence
reaction used to determine CAF in pharmaceutical samples.

Absorbance/fluorescence data were acquired using a DT830B
digital multimeter. The photodetector was a light dependent
resistor (LDR), where the incidence of light caused a change in
the electrical resistance, which was measured using the multi-
meter. In the photometer mode, the light source and the
detector were aligned at 180°, while in the fluorometer mode,

Fig. 1 Schematic representation of the photometer/fluorometer
constructed by the 3D-printing technique: perspective view (A); top
view of the lower compartment (B); detail of the supporting parts for
the light source and the detector (C); shield used to attenuate and
focus part of the radiation (D). Legend: (1) lower compartment; (2)
upper part (cover); (3) support parts for the light source and detector;
(4) shield used to attenuate and focus part of the radiation; (5)
compartment to hold the cuvette; (6) compartments used to contain
wires and electronic components; (7) compartment to hold the light
source; (8) compartment to hold the detector used in photometric
experiments; (9) compartment to hold the detector used in fluoro-
metric experiments.

RSC Adv, 2023, 13, 12050-12058 | 12051
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Fig. 2 (A) Image of the 3D-printed fluorometer/photometer. (B)
Picture of the 3D-printed device and the fluorescence reaction used to
determine CAF in pharmaceutical samples.

the detector was positioned perpendicular (at 90°) to the light
beam. The cuvette compartment was centered on the bottom of
the device, in line with the radiation beam and detection
compartments, as shown in Fig. 1B. Between the cuvette
compartment and the radiation source support, there was
a space to hold a shield with a small hole, which attenuated and
focused the radiation before it reached the cuvette (Fig. 1A).

An electrical power supply with an output of 5.00 V and 2.00
A was connected to the radiation source. The modular design of
the device allowed the use of different types of LEDs, with each
having a specific operating condition, in terms of potential and
electrical current. In general, ordinary LEDs, such as those
employed here, require an electrical current of 20 mA for use
under ideal conditions. For this purpose, a specific resistor was
connected in series with each type of LED, enabling suitable
conditions to be obtained.

The emission spectra of the LEDs used as light sources were
obtained with a Red Tide USB 650 spectrometer (Ocean Optics).
The current-potential curves for the LEDs were determined
using the simple electrical circuit shown in Fig. 3, where the
potentiometer (represented by an adjustable resistor) caused an
ohmic drop in the circuit, keeping the LED potential between
1.50 and 4.00 V. The amperemeter measured the electrical
current across the circuit, while the voltmeter provided the
electrical potential at the LED.

2.2 Chemical reagents and solutions

Caffeine (CAF) (=99%), ciprofloxacin (CIP) (=98.0%), anhy-
drous ferric chloride, and 8-hydroxypyrene-1,3,6-trisulfonic acid
trisodium salt (HPTS) (=96.0%) were obtained from Sigma-
Aldrich. Fe(NH,4),(SO4),-6H,O (AFS) (99.0%) was obtained
from PanReac. H,SO, (98.0%), sodium acetate, hydroxylamine,
and 1,10-phenanthroline were obtained from Synth.

Phosphate buffer solution (0.100 mol L', pH 6.30) was
prepared in water, using dibasic potassium phosphate
(K,HPO,4) and monobasic potassium phosphate (KH,PO,), ob-
tained from Sigma-Aldrich. A CAF stock solution (2000 mg L")
was prepared in water, stored under refrigeration, and used for
a maximum period of one week. A CIP stock solution
(1000 mg L") was prepared in methanol, with addition of for-
mic acid, and was stored under refrigeration. An HPTS stock
solution (1.00 pmol L™ ") was prepared in phosphate buffer and
was used on the same day.

12052 | RSC Adv,, 2023, 13, 12050-12058
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Fig. 3 Simple electrical circuit used to obtain the LED current-
potential curves: (S) on/off switch; (E) power source; (Ry) fixed resis-
tance (100 Q); (R,) variable resistance; (1) voltmeter; (2) amperemeter.

Aqueous solutions of H,SO,, CH3;COONa, hydroxylamine,
and 1,10-phenanthroline were prepared at concentrations of
10.0% (v/v), 10.0% (w/v), 10.0% (w/v), and 0.100% (W/v),
respectively. The AFS standard was weighed out and H,SO,
was added in order to produce a stock standard solution with
100 mg L ™" of Fe(u) and 1.00% (v/v) of H,SO,. Ultrapure water
was used for the preparation of all the solutions.

2.3 Samples

Tablets of caffeine (210 mg), ciprofloxacin (500 mg), and ferrous
sulfate (40.0 mg) were purchased at a pharmacy in Araraquara
(Sao Paulo state, Brazil; 21°47'38"S, 48°10'33"W).

2.4 Photometric determination of Fe(u)

Tablets of ferrous sulfate were used as samples for the deter-
mination of Fe(u) using the 3D-printed photometer/
fluorometer. According to the manufacturer's information
leaflet, each tablet contained 40.0 mg of Fe(u). For sample
preparation, 6 tablets were weighed and ground in a mortar,
after which a portion was weighed (~0.1 g) and transferred to
a 100 mL volumetric flask containing H,SO, in sufficient
quantity to yield a final solution with 1.00% (v/v) H,SO,,
following completion of the volume with deionized water. For
the photometry measurements, 1.00 mL of sample solution was
transferred to a 50.0 mL volumetric flask, followed by addition
of NaCH;COO, hydroxylamine, and 1,10-phenanthroline, as
also used for the solutions employed for the analytical curve."* A
blue LED was used for this analysis, operating at 3.00 V and 15.0
mA. An analytical curve was constructed in the concentration
range from 1.00 to 5.00 mg L™ ".

As a comparative method, the samples were analyzed by
a conventional spectrophotometric technique, employing
a Shimadzu UV-1800 UV-vis spectrophotometer operated with
UVProbe software. A calibration curve was constructed in the
same concentration range described above. The sample

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01281f

Open Access Article. Published on 17 April 2023. Downloaded on 11/14/2025 9:59:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

solutions were the same as those evaluated using the 3D-printed
device.

2.5 Photometric determination of CIP

The second analyte determined using the 3D-printed device was
CIP. The analysis procedure was based on a previous study of
pharmaceutical formulations, which employed a spot test and
smartphone images.’® An aqueous solution of ferric chloride at
1.00% (w/w) was prepared and an aliquot of 350 pL of this
solution was transferred to a 5.00 mL volumetric flask, followed
by the addition of 40.0 pL of CIP solution. An analytical curve
was constructed in the concentration range from 5.00 to
35.0 mg L™, by adding, in 5.00 mL volumetric flasks, 350 uL of
the aqueous solution of ferric chloride, an aliquot of the CIP
stock solution, and water to complete the volume. The light
source used was a blue LED (478 nm) operating at 3.0 V and 15
mA.

In this case, the analysis performed using the 3D-printed
device was compared with an HPLC-UV-DAD method. The
equipment used was a Shimadzu HPLC system equipped with
an LC-20AT pump, a SIL-20A autosampler, and an SPD-M20A
detector. A Kinetex EVO C18 reverse phase column (150 mm
X 4.6 mm X 5 pum, 100 A), kept at 30 °C, was used for the
chromatographic separation, with isocratic elution using an
88:12 (v/v) mixture of an aqueous solution of 0.100% (v/v) for-
mic acid and acetonitrile (also with 0.100% (v/v) of formic acid),
at a flow rate of 1.00 mL min~'. The total analysis time was
5.00 min and the detector wavelength was set at 278 nm. The
analytical curve was constructed using CIP concentrations in
the range from 2.00 to 10.0 mg L.

2.6 Fluorometric determination of CAF

The experimental procedure for the analysis of CAF was based
on a previously published method employing fluorescence to
detect the compound in water samples, with polysulfonated
pyrenes as reagent.”* An analytical curve was constructed in the
concentration range from 50.0 to 300 mg L™ ' by adding aliquots
of 2000 mg L' CAF stock solution to 5.00 mL flasks, followed by
fixed 25.0 uL volumes of HPTS solution to achieve a final
concentration of 50.0 umol L™'. The samples were obtained
using five CAF tablets, which were weighed, ground, and solu-
bilized in ultrapure water. The resulting solution was filtered
through a crosslinked cellulose filter (0.45 pm), followed by
transferring 500 pL of the filtrate and 25.0 uL of HPTS solution
to a 5.00 mL volumetric flask. The flasks with the sample and
standard solutions were completed with 0.100 mol L™' phos-
phate buffer (pH 6.30). For the fluorescence quenching deter-
mination, a blue LED (478 nm) was used, operating at 3.00 V
and 15.0 mA. The reaction between CAF and HPTS was allowed
to occur for 10.0 min, before performing the fluorometric
measurement with the 3D-printed device.

The reference method used to compare with the results ob-
tained using the 3D-printed device was HPLC-UV-DAD, using
the same equipment described above. Isocratic elution was
performed with an eluent consisting of an 85:15 mixture of
aqueous 0.100% (v/v) formic acid solution and acetonitrile (also

© 2023 The Author(s). Published by the Royal Society of Chemistry
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containing 0.100% (v/v) formic acid), at a flow rate of 1.00
mL min~". The chromatographic separation employed the
same column described above, kept at 30 °C. The run time was
5.00 min and the detector wavelength was set at 270 nm. The
analytical curve was constructed in the concentration range
from 2.00 to 10.0 mg L. For the HPLC analysis, the procedures
for sample preparation and the analytical curve were the same
as described above, but without using HPTS (fluorophore).

2.7 Quality parameters of the methods for determination of
CAF, CIP, and Fe(u)

The limit of quantification (LOQ) was determined as the lowest
concentration with a relative standard deviation (RSD%) lower
than 15.0%, which was adopted as the first point of the
analytical curve. The limit of detection (LOD) was the lowest
detectable concentration that presented RSD% lower than
20.0%.>"%?

The linearity of the developed methods was evaluated by
ANOVA (95.0% confidence level). The analytical curves were
performed in triplicate, in the concentration ranges 50.0-
300 mg L~ (CAF), 5.00-35.0 mg L~ * (CIP), and 1.00-5.00 mg L™
(Fe(m)).

Intra- and inter-day precision were also evaluated and
expressed as RSD%. The intra-day precision was obtained by
preparing analytical curves from analyses on the same day, in
triplicate (n = 3). The inter-day precision was obtained by
preparing analytical curves, in triplicate (n = 3), from analyses
performed on different days and by different analysts.

Recovery assays were performed in triplicate (n = 3) spiking
aliquots of the CAF, CIP stock solutions into the solubilized
tablet samples. The labeled concentration for CAF, CIP
considering the sample preparation were 210, 15.0 mg L™},
respectively. CAF and CIP were spiked with 40.0 and 10.0 into
the samples solution. For Fe(u) recovery was evaluated in five
replicates (n = 5) using standard solution (data not shown) and
tablet samples without spiking the stock solution into the
samples. The tablet samples were diluted in order to obtain
2.00 mg L' of Fe(n).

3. Results and discussion
3.1 Photometer/fluorometer concepts

The fact that the device was composed of switchable parts
enabled easy substitution of the radiation source, according to
the intended application. In addition, the photodetector could
be easily switched and the 3D-printed device could be rapidly
configured as a photometer or a fluorometer. According to the
emission spectra of the LEDs (Fig. 4A), blue, green, orange, and
red LEDs cover almost the entire visible light spectrum (450-680
nm). Fig. 4B shows the current-potential curves obtained for
these LEDs.

Considering the 5.00 V delivered by the power supply to the
photometer/fluorometer light source, an ideal current of 20.0
mA should be used. The potentials across blue, green, orange,
and red LEDs are ~3.00, ~3.20, ~2.10, and ~2.00 V, respec-
tively. In order to achieve these values would require resistors

RSC Adv, 2023, 13, 12050-12058 | 12053
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Fig. 4

with electrical resistances of around 150, 160, 105, and 100 Q,
respectively. For practical reasons, 150 Q resistors were used for
the blue and green LEDs, while 100 Q resistors were used for the
orange and red LEDs, which enabled all the LEDs to perform
satisfactorily.

The detector used in the 3D-printed device was an LDR.
When exposed to light, this type of sensor exhibits a change in
electrical resistance (R) that is inversely proportional to the
intensity (I) of the light **:

I=kIR (1)
where, k is a proportionality constant. In photometry, according
to the Lambert-Beer law, the absorbance (4) is related to the
transmittance (7) by:

A=—-logT (2)
T is the ratio between the intensity of light that passes through
a medium able to absorb light () and the intensity of light in the
absence of absorption (I;). Combining eqn (1) and (2) gives:

A = —log T = —log(Illy) = —log(Ry/R) (3)
where, Ry and R are the LDR electrical resistances in the absence
and presence of light absorption, respectively. Therefore, for
photometric measurement using the constructed device, the
analyte concentration was proportional to —log(R,/R), where R,
was determined using a blank solution.

The analytical signal for the fluorometric measurement (F) is
given by:

F = (1/R) — (1/Ry) (4)
where, 1/R, is the signal for a blank solution.

The cost of the device was estimated based on prices valid on
December 5th, 2022. The costs of the electronic components are
listed in Table 1. It can be seen that less than US$10.0 was
sufficient to build a modular 3D-printed fluorometer/

12054 | RSC Adv, 2023, 13, 12050-12058

(A) LEDs emission spectra and (B) current—potential curves for blue, green, orange, and red LEDs.

photometer. This low cost of the device, achieved by the
combination of simple electronic parts and 3D-printing,
enables its use in laboratories with limited funding, as well as
for teaching purposes in universities with a lack of research
equipment.

3.2 Photometric determination of Fe(u)

The reaction between Fe(u) and 1,10-phenanthroline, per-
formed at pH 4.5-5.5, produced a red complex that was optically
active for an extended time, with increase of the Fe(u) concen-
tration intensifying the observed color.> The red Fe(u)-phe-
nanthroline complex has a maximum absorbance at 506 nm.>*
The proposed reaction mechanism is shown in ESIf Fig. S1.
According to Fig. 4A, the appropriate LED for determination of
the Fe(u)-phenanthroline complex was the blue LED (maximum
emission at 478 nm).

3.3 Photometric determination of CIP

The charge transfer reaction between CIP and Fe(u) ions leads
to the formation of a yellow product (ESIt Fig. S2). As shown in
Fig. S5, increase of the CIP concentration was associated with
an increase of the yellow color of the reaction products.* This
was measured experimentally using the multimeter, based on
the increase of the electrical resistance values. The reaction
product presents maximum absorption at 445 nm," so it could
be determined using a blue LED (see Fig. 4A).

Table 1 Estimated cost of the modular 3D-printed fluorometer/
photometer used in this study

Electronic components Price (US$)”

Green, red, orange, and blue LEDs 0.210
Resistances (2) 1.34
LDR 0.120
Digital multimeter 5.02

“ Price estimated on https://amazon.com.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4 Fluorometric determination of CAF

The widely known reaction between caffeine and HPTS results
in a solution with intense green color, involving the formation
of a ground-state complex (ESIt Fig. S3). Increase of the CAF
concentration leads to a decrease of the fluorescence intensity.
In the 3D-printed device, this quenching of fluorescence was
reflected by the increase of the electrical resistance measured
using the multimeter.®® Since HPTS presents maximum
absorption at 460 nm,*"** the blue LED (maximum emission at
478 nm as shown in Fig. 4A) was used to promote the fluores-
cence phenomenon.

3.5 Quality parameters of the proposed methods

The linearity of the methods was evaluated by constructing
analytical curves in the concentration ranges 50.0-300, 5.00—
35.0, and 1.00-5.00 mg L™, for CAF, CIP, and Fe(n), respectively
(ESIT Fig. S4-56). The ANOVA results showed F,; (4.50 x 10~ %) <
Frab 059 (288) for CAF, Fey (6.80 X 10~%) < Fap, 050, (374) for CIP,
and Fey (2.03 X 107%) < Fuap 050, (168) for Fe(u), indicating that
there was no lack of fit for any of the methods developed using
the 3D-printed device.*

The LOD values obtained were 25.0, 3.00, and 0.500 mg L™,
for CAF, CIP, and Fe(u), respectively. The LOQ values were the
first points of the analytical curves, corresponding to
50.0 mg L' for CAF, 5.00 mg L™ " for CIP, and 1.00 mg L™" for
Fe(u). The intra-day precisions were 1.02% for CAF, 0.660% for
CIP, and 0.330% for Fe(u), while the inter-day precisions were
1.28% for CAF, 1.01% for CIP, and 1.64% for Fe(u).

The obtained recovery (ESIt Table S1) were 99.2 and 100.5%
for CAF, 98.4 and 100.7% for CIP, and 99.5% for Fe(u). Table 2
summarizes the results obtained for all the methods using the
3D-printed device.

3.6 Application of the proposed methods using
pharmaceutical samples

After confirming that all the quality parameters were satisfac-
tory, the 3D-printed device was used to determine the concen-
trations of CAF, CIP, and Fe(u) in samples of pharmaceuticals.
For CAF, the concentration stated on the packaging was 210 mg
per tablet, while the result obtained with the developed meth-
odology was 211 mg per tablet, in good agreement with the
declared value. The concentration determined by the reference
method was 215 mg per tablet. A #-test (95% confidence level)
was applied, assuming equivalent variances, and no statistically
significant difference was found between the new method and
the reference method (p-value (0.40) > « (0.05)).¢

For CIP, the concentration stated on the packaging was
500.0 mg per tablet, while the average value determined using
the 3D-printed device was 503.4 mg per tablet, in agreement
with the declared value. The concentration determined by the
reference method was 510.0 mg per tablet. Application of the ¢-
test (95% confidence level) showed no significant difference
between the developed method and the reference method (p-
value (2.77) > « (0.05)).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Table 2 Comparison of figures of merit for the 3D-printed fluorometer/photometer and reference methods

Fluorescence

Absorbance

Absorbance

CAF

CIP

Fe(u)
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For Fe(u), the concentration declared on the packaging was
40.0 mg per tablet. The average values obtained using the 3D-
printed device and the spectrophotometric method were 39.1
and 39.3 mg per tablet, respectively, with no statistically
significant difference between the methods, according to the ¢-
test at the 95% confidence level (p-value (0.956) > « (0.05)).

Different studies in analytical chemistry using 3D-printed
devices are listed in Table 3. Sulfate and quinine were deter-
mined in tonic water drink samples using a portable fluorom-
eter constructed using PLA filament. Red and blue LEDs were
used as light sources and the analysis results were obtained in
real time or within 5 min.*”

CAF was determined in commercial beverages and phar-
maceuticals using a smartphone camera coupled to a PLA 3D-
printed box with a white LED as the radiation source, coupled
to a smartphone camera to acquire the digital images. Also, as
a radiation source a white LED was applied in order to deter-
mine CAF in commercial beverages and medicines. The analysis
required only 4.00 min to be carried out at a cost of US$ 7.50.*°

In other work, Fe(n) and hypochlorite were determined
through colorimetric reaction using a 3D-printed device. The
3D-printed device was developed to control the experimental
conditions and reduce the errors caused by spurious radiation.
An electronic circuit was used to control the LED light intensity
and a webcam was used as the detector.”®

Elsewhere, a 3D-printed fluorometer was built using a pol-
ylactide filament material, together with an RGB LEDs as the
radiation source and a smartphone camera as the detector.
This device was applied in fluorometric analysis of quinine,
riboflavin, calcium, and phosphates in wine, beer, and multi-
vitamin supplements samples. The fluorometric analysis was
applied using this device with a smartphone camera as
detector.”

In all the studies highlighted above, the analytical signal
(fluorescence or absorbance) was obtained based on digital
images acquired with a smartphone or a webcam. In contrast
to these methods, the device developed here has the advan-
tage of not suffering interference from spurious light during
the analysis. Furthermore, digital images can vary according
to the capture parameters, so control of the image acquisi-
tion protocol is essential to reduce oscillation of the analyt-
ical signal. Therefore, digital image methods are likely to
suffer from lack of repeatability. These sources of errors are
reduced using 3D-printed LED devices, increasing the
method precision, as shown by the present results. In addi-
tion, the modular design of the device developed here
enables it to be easily configured as a fluorometer or
a photometer, only changing the LDR photodetector posi-
tion. The LED can also be easily switched, according to the
desired application. The same 3D-printed device can be used
to measure fluorescence or absorbance, only moving parts
present in the device.

This device could be used in remote locations by simply
changing the power supply of the LEDs, using batteries or
a power bank, since the digital multimeter already uses
a battery. The device was shown to provide results very similar
to those obtained using classical analysis methods such as
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HPLC or spectrophotometry. The proposed device produces
minimal chemical waste and the analysis time is shorter than
required for HPLC. The cost of the 3D-printed device is very low,
when compared to an HPLC instrument, and its small power
consumption allows it to be used in remote locations or in
research laboratories with limited funding resources.

4. Conclusions

A new modular fluorometer/photometer device was developed
using 3D-printing. The printed device had a total cost of
US$7.00, including all the electronic parts (LED, multimeter,
photodetector, and cables).

The device could be easily configured as a fluorometer or
a photometer, by only switching the photodetector position. In
both configurations, only 1.00 min was required to obtain the
analytical signal. The device was constructed with detachable
parts, providing flexibility since the radiation source could be
easily switched, enabling the use of different types of LEDs,
according to the desired analytical application.

Application of the t-test, at the 95% confidence level, showed
no significant differences between the reference methods and
the new methods using the 3D-printed fluorometer/photometer.

Therefore, this 3D-printed device has excellent potential for
use in remote locations and in laboratories with limited
research resources. The device could be easily adapted as
a portable instrument, only requiring the replacement of the
power supply by a battery or a power bank.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We acknowledge support of Fundacdo de Amparo a Pesquisa do
Estado de Sao Paulo (FAPESP grants #2018/22393-8, #2021/14581-
1, #2022/02991-3 and INCT-DATREM #2014/50945-4), Conselho
Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq,
grant #465571/2014-0), Coordenacdo de Aperfeicoamento de Pes-
soal de Nivel Superior (CAPES #88887136426/2017/00), and Sao
Paulo State University, Institute of Chemistry (Araraquara, Brazil).

References

1 S. Cheng-kuan, Analytica Chimica Acta Review of 3D-Printed
Functionalized Devices for Chemical and Biochemical
Analysis, Anal. Chim. Acta, 2021, 1158, 338348, DOI:
10.1016/j.aca.2021.338348.

2 D. J. Cocovi-Solberg, P. J. Worsfold and M. Miro,
Opportunities for 3D Printed Millifluidic Platforms
Incorporating On-Line Sample Handling and Separation,
Trends Anal. Chem., 2018, 108, 13-22, DOIL 10.1016/
j-trac.2018.08.007.

3 M. C. L. Palenzuela and M. Pumera, (Bio)Analytical
Chemistry Enabled by 3D Printing:

Sensors and

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Biosensors, Trends Anal. Chem., 2018, 103, 110-118, DOI:
10.1016/j.trac.2018.03.016.

4 R. M. Cardoso, C. Kalinke, D. P. Rocha, P. R. Oliveira,
B. C. Janegitz, J. A. Bonacin, E. M. Richter and
R. A. A. Munoz, Additive-Manufactured (3D-Printed)
Electrochemical Sensors: A Critical Review, Anal. Chim.
Acta, 2020, 1118, 73-91, DOI: 10.1016/j.aca.2020.03.028.

5 M. Passamonti, I. L. Bremer, S. H. Nawada and
P. J. Schoenmakers, Con Fi Nement of Monolithic
Stationary Phases in Targeted Regions of 3D-Printed
Titanium Devices Using Thermal Polymerization, Anal
Chem., 2020, 92, 2589-2596, DOI:  10.1021/
acs.analchem.9b04298.

6 E. Mattio, N. Ollivier, F. Robert-peillard, R. Di, C. Brach-papa,
C. Branger, D. Bonne, ]J. Boudenne and B. Coulomb,
Modified 3D-Printed Device for Mercury Determination in
Waters, Anal. Chim. Acta, 2019, 1082, 78-85, DOI: 10.1016/
j-aca.2019.06.062.

7 1. Voracova, J. Prikryl, J. Novotnya, V. Datinska, J. Yang,
Y. Astier and F. Foret, 3D Printed Device for
Epitachophoresis Cov A, Anal. Chim. Acta, 2021, 1154,
338246, DOI: 10.1016/j.aca.2021.338246.

8 P. Bernard and ]J. D. Mendez, Low-Cost 3D-Printed
Polarimeter, J. Chem. Educ., 2020, 97(4), 1162-1166, DOL:
10.1021/acs.jchemed.9b01083.

9 B. H. H. Hamzah, O. Keattch, D. Covill and B. A. Patel, The
Effects of Printing Orientation on the Electrochemical
Behaviour of 3D Printed Acrylonitrile Butadiene Styrene
(ABS)/Carbon Black Electrodes, Sci. Rep., 2018, 8(9135), 1-
8, DOI: 10.1038/s41598-018-27188-5.

10 R. S. Lamarca and P. F. de L. Clairmont, A Low Cost Method
for Carbamazepine, Ciprofloxacin and Norfloxacin
Determination in Pharmaceutical Formulations Based on
Spot-Test and Smartphone Images, Microchem. J., 2020,
152, 104297, DOI: 10.1016/j.microc.2019.104297.

11 A. A. Mohammed, S. M. Algahtani, Z. M. Ahmad, J. Ahmad
and S. Kotta, 3D Printing in Medicine: Technology
Overview and Drug Delivery Applications, Ann. 3D Print.
Med., 2021, 4, 100037, DOI: 10.1016/j.stlm.2021.100037.

12 A. Tejo-Otero, 1. Buj-Corral and F. Fenellosa-Artés, 3D
Printing in Medicine for Preoperative Surgical Planning: A
Review, Ann. Biomed. Eng., 2020, 48(2), 536-555, DOI:
10.1007/s10439-019-02411-0.

13 A. Jandyal, 1. Chaturvedi, I. Wazir, A. Raina, M. Irfan and
U. Haq, 3D Printing - A Review of Processes , Materials
and Applications in Industry, Sustainable Oper. Comput.,
2022, 3, 33-42, DOIL: 10.1016/j.sus0c.2021.09.004.

14 J. S. Stefano, C. Kalinke, R. G. Da Rocha, D. P. Rocha,
V. A. O. P. Da Silva, J. A. Bonacin, L. Angnes, E. M. Richter,
B. C. Janegitz and R. A. A. Muioz, Electrochemical (Bio)
Sensors Enabled by Fused Deposition Modeling-Based 3D
Printing: A Guide to Selecting Designs, Printing
Parameters, and Post-Treatment Protocols, Anal. Chem.,
2022, 94(17), 6417-6429, DOI: 10.1021/
acs.analchem.1c05523.

RSC Adv, 2023, 13, 12050-12058 | 12057


https://doi.org/10.1016/j.aca.2021.338348
https://doi.org/10.1016/j.trac.2018.08.007
https://doi.org/10.1016/j.trac.2018.08.007
https://doi.org/10.1016/j.trac.2018.03.016
https://doi.org/10.1016/j.aca.2020.03.028
https://doi.org/10.1021/acs.analchem.9b04298
https://doi.org/10.1021/acs.analchem.9b04298
https://doi.org/10.1016/j.aca.2019.06.062
https://doi.org/10.1016/j.aca.2019.06.062
https://doi.org/10.1016/j.aca.2021.338246
https://doi.org/10.1021/acs.jchemed.9b01083
https://doi.org/10.1038/s41598-018-27188-5
https://doi.org/10.1016/j.microc.2019.104297
https://doi.org/10.1016/j.stlm.2021.100037
https://doi.org/10.1007/s10439-019-02411-0
https://doi.org/10.1016/j.susoc.2021.09.004
https://doi.org/10.1021/acs.analchem.1c05523
https://doi.org/10.1021/acs.analchem.1c05523
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01281f

Open Access Article. Published on 17 April 2023. Downloaded on 11/14/2025 9:59:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

15 B. Gayral, LEDs for Lighting : Basic Physics and Prospects for
Energy Savings, C. R. Phys., 2017, 18(7-8), 453-461, DOIL
10.1016/j.crhy.2017.09.001.

16 D. A. Bui and P. C. Hauser, Analytical Devices Based on
Light-Emitting Diodes - a Review of The, Anal. Chim. Acta,
2015, 853, 46-58, DOIL: 10.1016/j.aca.2014.09.044.

17 A. Farah, Caffeine Consumption through Coffee: Content in
Beverage, Metabolism, Health Benefits and Risks, Beverages,
2019, 5(37), 50, DOI: 10.3390/beverages5020037.

18 R. So6s, A. Gyebrovszki, A. Toth, S. Jeges and M. Wilhelm,
Effects of Caffeine and Caffeinated Beverages in Children,
Adolescents and Young Adults: Short Review, Int. J.
Environ. Res. Public Health, 2021, 18, 12389, DOI: 10.3390/
ijerph182312389.

19 R. S. J. Keast, D. Sayompark, G. Sacks, B. A. Swinburn and
L. J. Riddell, The Influence of Caffeine on Energy Content
of Sugar-Sweetened Beverages: ‘The Caffeine-Calorie
Effect’, Eur. J. Clin. Nutr., 2011, 65, 1338-1344, DOI:
10.1038/ejcn.2011.123.

20 A. Rehman, W. M. Patrick and I. L. Lamont, Mechanisms of
Ciprofloxacin Resistance in Pseudomonas aeruginosa: New
Approaches to an Old Problem, J. Med. Microbiol., 2019, 1-
10, DOI: 10.1099/jmm.0.000873.

21 S. Rochat, S. N. Steinmann, C. Corminboeuf and K. Severin,
Fluorescence Sensing of Caffeine in Water with
Polysulfonated Pyrenes, Chem. Commun., 2011, 47(5),
10584-10586, DOI: 10.1039/c1cc13927d.

22 M. Thompson, S. L. R. Ellison and R. Wood, Harmonized
Guidelines for Single-Laboratory Validation of Methods of

12058 | RSC Adv, 2023, 13, 12050-12058

23

24

25

26

27

28

29

View Article Online

Paper

Analysis, Pure Appl. Chem., 2002, 74(5), 835-855, DOI:
10.1351/pac200274050835.

E. B. Sandell Colorimetric Determination of Traces of Metals,
Interscience, New York, 3rd edn, 1959.

M. C. Breitkreitz, A. M. de Souza and R. ]. Poppi,
Experimento Didatico de Quimiometria Para Planejamento
de Experimentos: Avaliacdo Das CondicOes Experimentais
Na Determinacdo Espectrofotométrica de Ferro II Com o-
Fenantrolina. Um Tutorial, Parte III, Quim. Nova, 2014,
37(3), 564-573, DOI: 10.5935/0100-4042.20140092.

C. Luchiari, G. Alves and ]J. Marasco, Development of
Miniaturized Fluorimetric Device for Caffeine
Determination Using a Smartphone, RSC Adv., 2019,
35033-35038, DOI: 10.1039/c9ra06220c.

J. N. Miller and J. C. Miller, Statistics and Chemometrics for
Analytical Chemistry, ed. P. Hall, Pearson, Canada, 5th edn,
2005.

E. Vidal, A. S. Lorenzetti, M. A. Aguirre, A. Canals and
C. E. Domini, New, Inexpensive and Simple 3D Printable
Device for Nephelometric and Fluorimetric Determination
Based on Smartphone Sensing, RSC Adv., 2020, 10(33),
19713-19719, DOI: 10.1039/d0ra02975k.

K. Danchana, P. Phansi, C. T. de Souza, S. L. C. Ferreira and
V. Cerda, Spectrophotometric System Based on a Device
Created by 3D Printing for the Accommodation of
a Webcam Chamber as a Detection System, Talanta, 2020,
206, 120250, DOI: 10.1016/j.talanta.2019.120250.

M. Granica and E. Tymecki, Analytical Aspects of Smart
(Phone) Fluorometric Measurements, Talanta, 2019, 197,
319-325, DOI: 10.1016/j.talanta.2019.01.032.

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1016/j.crhy.2017.09.001
https://doi.org/10.1016/j.aca.2014.09.044
https://doi.org/10.3390/beverages5020037
https://doi.org/10.3390/ijerph182312389
https://doi.org/10.3390/ijerph182312389
https://doi.org/10.1038/ejcn.2011.123
https://doi.org/10.1099/jmm.0.000873
https://doi.org/10.1039/c1cc13927d
https://doi.org/10.1351/pac200274050835
https://doi.org/10.5935/0100-4042.20140092
https://doi.org/10.1039/c9ra06220c
https://doi.org/10.1039/d0ra02975k
https://doi.org/10.1016/j.talanta.2019.120250
https://doi.org/10.1016/j.talanta.2019.01.032
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01281f

	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f

	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f

	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f
	Modular 3D-printed fluorometer/photometer for determination of iron(ii), caffeine, and ciprofloxacin in pharmaceutical samplesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01281f


