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Abstract
A new contact stamping method for fabrication of paper-based analytical devices (PADs) is reported. It uses an all-purpose 
acrylic varnish and 3D-printed stamps to pattern hydrophobic structures on paper substrates. The use of 3D printing allows 
quickly prototyping the desired stamp shape without resorting to third-party services, which are often expensive and time 
consuming. To the best of our knowledge, this is the first report regarding the use of this material for creation of hydrophobic 
barriers in paper substrates, as well as this 3D printing-based stamping method. The acrylic varnish was characterized and 
the features of the stamping method were studied. The PADs developed here presented better compatibility with organic 
solvents and surfactants compared with similar protocols. Furthermore, the use of this contact stamping method for fabrica-
tion of paper electrochemical devices was also possible, as well as multiplexed microfluidic devices for lateral flow testing. 
The analytical applicability of the varnish-based PADs was demonstrated through the image-based colorimetric quantifica-
tion of iron in pharmaceutical samples. A limit of detection of 0.61 mg  L−1 was achieved. The results were compared with 
spectrophotometry for validation and presented great concordance (relative error was < 5% and recoveries were between 104 
and 108%). Thus, taking into account the performance of the devices explored here, we believe this novel contact stamping 
method is a very interesting alternative for production of PADs, exhibiting great potentiality. In addition, this work brings a 
new application of 3D printing in analytical sciences.

Keywords 3D printing · Colorimetric detection · Electrochemical device · Iron determination · Microfluidics · 
Pharmaceutical analysis

Introduction

The development of simple, miniaturized, and low-cost 
devices targeting point-of-need analytical systems has 
gained great attention in the last years [1]. Towards to this, 
microfluidic paper analytical devices (µPADs) emerged as 
one of the most explored analytical platforms for applica-
tions in areas such as clinical diagnosis [2], environmen-
tal sciences [3], biological analysis [4], and forensics [5]. 

Some key points responsible for expanding the popularity 
of µPADs are the minimal consumption of reagents, cheap-
ness, easy acquisition worldwide, and the capability to drive 
fluids by capillary forces without dedicated instrumentation 
[6]. These attributes make paper analytical devices (PADs) 
an interesting choice for analytical procedures in resource-
constrained locations [7]. A wide variety of techniques have 
been used for detection in PADs, such as colorimetry and 
electrochemical sensing. Image-based colorimetric detection 
is the most used due to its intuitiveness, simplicity, speed, 
and low cost [8]. Electrochemical detection is also widely 
explored as it provides good sensitivity, possibility of min-
iaturization, and portability [9]

The patterning of hydrophobic barriers on paper sub-
strates is an essential step when fabricating PADs. These 
barriers define the zones where the liquids can go and 
prevent unwanted spreads [10]. The most commonly used 
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protocols for forming hydrophobic structures on paper 
substrates include wax printing [11], screen-printing [12], 
cutting methods [13], photolithographic methods [8], 
microembossing [14], coating methods [15], and contact 
stamping-based methods [16]. Here it is interesting to high-
light that, despite their effectiveness, these methods often 
require dedicated electrical instrumentation such as plotters, 
ovens, cutters, and printers, in addition to procedures such as 
baking, curing, heating, laminating, and developing.

Focusing on stamping-based methods, there are reports in 
literature of procedures that use materials such as indelible 
ink [16], wax [17], nail polish [18], vegetal resin [19], and 
poly(dimethylsiloxane) (PDMS) [20] to create the hydro-
phobic structures. Some drawbacks of these approaches are 
the large number of steps required, necessity of expensive 
benchtop equipment, and narrow chemical resistance against 
organic media and surfactants. Considering these points 
raised, it is correct to state that the reporting of fast, simple, 
and instrument-free protocols for fabrication of PADs is an 
important contribution to this research area. Likewise, the 
employment of new materials with greater chemical resist-
ance to obtain hydrophobic barriers in paper substrates is 
also an equally important issue.

Iron is one of the most abundant elements on earth and 
also the most abundant metal in the human body. Iron is 
essential for our health and plays an important role in vari-
ous metabolic processes, such as the regulation of osmotic 
pressure in cells, respiration, and oxygen transport. Iron 
supplementation can be accomplished, among other ways, 
by taking oral supplements. The sensing of iron in such 
products is relevant as it assures the compliance and quality 
control. While iron deficiency causes anemia, large amounts 
of iron can lead to oxidative stress, DNA damage, liver dam-
age, and hepatitis [21–23].

In this panorama, this work shows for the first time the 
application of an all-purpose varnish for patterning hydro-
phobic barriers aiming functional paper-analytical devices. 
This inexpensive varnish based on acrylic resin is widely 
used in craftwork worldwide. A fabrication protocol based 
on the use of reusable 3D-printed stamps was developed. 
Here, fused deposition modeling (FDM) 3D printing tech-
nique was employed. It consists on the production of three-
dimensional structures by adding layers of thermoplastic 
materials such as acrylonitrile butadiene styrene (ABS) and 
polylactic acid (PLA) that are continuously extruded through 
a heated nozzle [24]. The widespread use of 3D printing 
in analytical chemistry has been exhaustively demonstrated 
in many recent works and has brought great improvements 
[25].

Some benefits of this novel contact stamping approach 
over similar protocols are the simplicity, low cost, and the 
fact that it is instrumentless. The method consists of only 
one quick stamping step and does not utilize any equipment 

nor require additional procedures. As far as we know, this is 
one of the fastest, simplest, and cheapest methods for fabri-
cation of PADs. The varnish composition was characterized 
and the method was meticulously investigated. The varnish-
based hydrophobic barriers showed better chemical resist-
ance to organic solvents and surfactants compared to other 
approaches. Furthermore, the stamping method presented 
here can also be employed in the fabrication of paper elec-
trochemical devices.

The analytical applicability of this approach was explored 
through colorimetric determination of iron in pharmaceuti-
cal formulations. The results obtained in the determinations 
were compared with spectrophotometry and presented great 
concordance. Thus, based on what has been described here, 
we believe that this new contact stamping approach based 
on all-purpose varnish and 3D printing demonstrates great 
feasibility on fabrication of point-of-need devices, especially 
for resource-constrained regions.

Materials and methods

Chemicals and materials

All the chemicals employed here were analytical grade 
and used in the way they were received: acetone (99.5% 
purity), acetonitrile (99.5% purity), dimethylformamide 
(DMF, 99.8% purity), dimethylsulfoxide (DMSO, 99.9% 
purity), ethanol (99.5% purity), methanol (99.8% purity), 
acetic acid (99.5% purity), and hydrochloric acid (37% con-
centration) were purchased from Dinâmica (Diadema, SP, 
Brazil). Triton X-100 (TX-100, 98% purity) was provided 
by Acros Organics (Geel, Belgium). SERVA (Heidelberg, 
Germany) supplied cetyltrimethylammonium bromide 
(CTAB, 99% purity). Sodium dodecyl sulfate (SDS, 99% 
purity) was acquired from Sigma-Aldrich (Saint Louis, MO, 
USA). Potassium chloride (99% purity), sodium hydroxide 
(97% purity), potassium hexacyanoferrate(II) (98.5% purity), 
potassium hexacyanoferrate(III) (99% purity), iron(II) chlo-
ride (97% purity), sodium acetate (98% purity), ortho-phen-
anthroline (99% purity), and hydroxylamine (99% purity) 
were purchased from Neon (Suzano, SP, Brazil). All-pur-
pose acrylic varnish was obtained from Acrilex (São Ber-
nardo do Campo, SP, Brazil). Food dye, ashless quantitative 
filter paper, tracing paper (A4, 180 g/m2), 6B grade pencil, 
polyester film (A4), thermal laminating pouch film (A4), 
and adhesive tape were acquired at local stores. Acryloni-
trile butadiene styrene (ABS) filament (1.75-mm diameter) 
was provided by 3DFila (Belo Horizonte, MG, Brazil). All 
the aqueous solutions used here were prepared with purified 
water (resistivity ≥ 18.2 MΩ cm) provided by a Permution 
RO0310 reverse osmosis water purifier system (Curitiba, 
PR, Brazil).
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Instrumentation

The electrochemical experiments were carried out at room 
temperature using an Autolab PGSTAT128N potentiostat/
galvanostat (Ecochemie, Utrecht, The Netherlands) con-
nected to a computer and managed by Metrohm Autolab 
Nova 2.1 software. The morphological analysis was per-
formed by scanning electron microscopy (SEM) utilizing a 
JSM-6380LV instrument (Jeol, Tokyo, Japan). The Fourier 
transform infrared (FTIR) measurements were carried out 
on a Tensor 27 infrared spectrometer (Bruker, Billerica, 
MA, USA). Kasvi K37-VIS spectrophotometer (Kasvi, São 
José dos Pinhais, PR, Brazil) was employed for the spectro-
photometric measurements. A Creality Ender 3 FDM 3D 
printer (Creality, Shenzhen, China) equipped with a 0.4-
mm diameter brass extruder nozzle was used to produce the 
3D-printed parts. The 3D prints were performed at 0.20-mm 
layer resolution, 15-mm  s−1 printing speed, and 50% infill. A 
Goldmaq PS-380 office laminator (Gold Maq, Goiânia, GO, 
Brazil) and a Silhouette Cameo 3 cutting plotter (Silhouette 
Brasil, Belo Horizonte, MG, Brazil) were utilized during the 
fabrication of the electrochemical devices. Scanned images 
of the PADs were obtained using a Lexmark MX622 multi-
functional printer (Lexmark, Lexington, KY, USA).

Fabrication of the PADs

Figure 1 describes the procedure for manufacturing the 
PADs: (a) first, the 3D model of the stamps (e.g., hollow 
cylinders with 7-mm inner diameter × 1-mm wall thick-
ness × 35-mm height) is designed utilizing Fusion 360 free 
3D CAD/CAM software (Autodesk, San Rafael, CA, USA). 
After, the CAD file is converted to STL format and pro-
cessed using Ultimaker Cura 3.6 software (Geldermalsen, 

The Netherlands) to generate the GCODE file with the print 
commands. The stamps are then printed in ABS using a 
FDM 3D printer; (b) a small amount (thin film) of the all-
purpose varnish is poured onto a Petri dish to serve as a 
stamp pad for the 3D-printed stamps; (c) after immersing 
the 3D-printed stamp into the Petri dish, the hydrophobic 
barriers are created on quantitative filter paper substrate by 
stamping and pressing for 2 s; (d) after drying at room tem-
perature for 10 min, the solvent evaporates and the PADs are 
ready for use. This method allows the production of func-
tional colorimetric and electrochemical paper-based devices. 
Posteriorly to the use, the 3D-printed stamps can be cleaned 
and reused multiple times.

Iron quantitative colorimetric assay

In order to demonstrate the analytical feasibility of the PADs 
developed here, spot tests fabricated by the proposed method 
were utilized for colorimetric quantification of iron ions in 
pharmaceutical samples. The determination was based on 
the reaction between ferrous ion and phenanthroline, which 
generates an orange-red complex that is highly stable in pH 
range between 3.0 and 4.5 [26]. The chromogenic reagent 
utilized consisted of a 0.03 mol  L−1 ortho-phenanthroline 
and 0.1 mol  L−1 hydroxylamine prepared in a 0.2 mol  L−1 
acetate buffer aqueous solution (pH = 4.4). For the colori-
metric assays, an optimized volume of 8 µL of the chromo-
genic reagent was spotted into the detection zones of the 
PADs and allowed to dry at room temperature for 10 min. 
Subsequently, 8 µL of  Fe2+ standard solution or sample solu-
tions was spotted into these detection zones and dried at 
room temperature for another 10 min. After this protocol, the 
devices were scanned and the image-based color measure-
ments were carried out.

(c)(b)(a) (d)

PAD

PED

3D-printed

stamp

All-purpose

varnish

10 mm 20 mm

FDM

3D printer

Paper

substrate

Fig. 1  Steps for production of the paper-based devices: (a) the stamps 
are projected according to the desired design and printed in ABS 
using a FDM 3D printer; (b) to facilitate the handling, the varnish is 
poured onto a Petri dish, which serves as a stamping pad; (c) after 
immersing the 3D-printed stamp into this stamp pad, hydrophobic 

barriers are created on quantitative filter paper by stamping and press-
ing for 2 s; (d) after resting for 10 min to evaporate the solvent, func-
tional devices suitable for colorimetric and electrochemical assays are 
obtained
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Pharmaceutical samples

Three samples of commercial drugs used to treat anemia 
containing different dosages of iron(II) were prepared 
according to the following procedure: first, five pills of each 
pharmaceutical product were crushed with the aid of a mor-
tar and pestle. During this step, the “peel” that covers the 
tablets was carefully removed using tweezers. The crushed 
pills were then diluted in 100-mL volumetric flasks and soni-
cated for 10 min. Afterwards, small fractions of the super-
natants were filtered through 0.22-µm membrane syringe 
filter and diluted in 10-mL volumetric flasks. These latter 
solutions of the three samples were then submitted to the 
colorimetric measurements.

Image capture and analysis

For the quantitative colorimetric measurements of iron(II) 
ion, the digitalized images of the PADs were analyzed using 
Corel Photo-Paint software (Corel Corporation, ON, Can-
ada). The images were first imported into the software and 
then converted to CMYK (32 bits). The magenta channel of 
the histogram tool was utilized for the measurements. The 
analytical signal consisted of the arithmetic mean of color 
intensity within each PAD detection zone [10, 27].

Validation experiments

The pharmaceutical samples were also analyzed by spectro-
photometry to validate the results obtained with the image-
based colorimetric method. For the spectrophotometric 
measurements, 3-mL aliquots of the chromogenic reagent 
(0.03 mol  L−1 ortho-phenanthroline and 0.1 mol  L−1 hydrox-
ylamine prepared in 0.2 mol  L−1 acetate buffer at pH = 4.4) 
were mixed with 1-mL aliquots of  Fe2+ standard solutions or 
sample solutions and diluted to 5 mL. Thereafter, ca. 3 mL 
of these solutions was transferred to cuvettes and measure-
ments were carried out at 510-nm wavelength [28].

Electrochemical measurements

The contact stamping method proposed here was also 
explored in the production of paper electrochemical 
devices (PEDs) that were used in cyclic voltammetry (CV) 
measurements. The PED was fabricated in tracing paper 
utilizing the all-purpose acrylic varnish to create a hydro-
phobic barrier that has the role of preventing the leakage 
of the solutions and delimiting the geometric area of the 
electrochemical cell. The fabrication protocol was based 
in a previous report of our group [29]. Briefly, the bottom 
side of the tracing paper is first sealed against the thermal 
laminating pouch film using an office laminator at tem-
perature of 80 °C; then, the working, counter, and pseudo-
reference carbon electrodes are hand-drawn on the oppo-
site side of tracing paper utilizing the 6B grade pencil and 
a polyester mold containing the desired layout previously 
fabricated on a cutting plotter; during this step, a multim-
eter is employed to monitor the electrical resistance of the 
electrodes and ensure the reproducibility; the last step is 
to demarcate the geometric area of the paper-based elec-
trochemical cell: for this, 3D-printed cylindrical stamps 
with 16-mm inner diameter and 1-mm wall thickness are 
used to stamp the all-purpose varnish hydrophobic barriers 
directly over the PEDs. After drying for 10 min at room 
temperature, the PEDs are ready to use. Each PED has the 
dimensions of ca. 40 × 40 mm and an estimated cost of 
ca. $ 0.04. The diameter of the working electrode is 5 mm 
and the maximum volume of the paper-based cell is ca. 
300 µL. During the measurements, electrical connections 
are directly clamped to the PED, such as shown in Fig. 2.

Fig. 2  Picture of the PED fab-
ricated by the contact stamping 
method developed (A); PED 
connected to the potentiostat, 
such as used in the experiments, 
demonstrating the effective-
ness of the varnish hydrophobic 
barrier in retaining the solution 
into the paper electrochemical 
cell (B)
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Results and discussion

Characterization of the material and comparison 
with other approaches

In this work, we first demonstrate the fabrication of µPADs 
using an all-purpose varnish to create the hydrophobic bar-
riers. This low-cost liquid varnish is commonly utilized to 
protect and waterproof craftworks made in paper, wood, 
glass, ceramics, plastic, polystyrene, and canvas. As stated 
in the Safety Data Sheet (SDS), this varnish is composed 
of a thermoplastic acrylic resin (≈ 40%) solubilized in 
an appropriate solvent (≈ 60%). It may be injurious and 
cause irritation to eyes and skin besides being harmful 
to aquatic organisms. FTIR provided more detailed infor-
mation about the chemical composition of the material. 
Strong absorption bands at 1148 and 1728  cm−1 can be 
associated to the C-O and C = O stretching bands, respec-
tively. Furthermore, the small band at 1608  cm−1 and the 
medium band at 2962 cm  cm−1 can be attributed to the 
respective C = C and C-H stretching bands. It confirms the 
presence of acrylate groups and aromatic hydrocarbons. 
The full FTIR spectrum is shown in Fig. S1 (Electronic 
Supporting Information (ESI)).

The instrumentless procedure developed here is based 
on the use of inexpensive 3D-printed stamps to produce 
varnish hydrophobic barriers on paper substrates. As this 
liquid varnish has a relatively low viscosity (≈ 200 cP), 
its penetration into the paper fibers to form hydrophobic 
barriers is favored. Some clear advantages of the approach 
reported here are simplicity and low cost, which make it an 
interesting choice for resource-constrained locations. The 
cost per device fabricated by this method was calculated 
to be ca. $ 0.004, which is extremely cheap. Moreover, 
it does not need any instrumentation or procedures often 
utilized in the fabrication of PADs such as baking, curing, 
heating, laminating, or developing. To better scrutinize 
the key points related to this method, Table 1 brings a 
comparison with other stamping methods used to produce 
hydrophobic barriers in PADs.

Evaluation of the hydrophobic barriers and paper 
devices

Initial tests and resolution limits

Initially, the feasibility of the all-purpose varnish for 
creating hydrophobic barriers on paper substrates was 
investigated. The varnish was used in its original form 
and stamped over quantitative filter paper. After drying 
at room temperature, the hydrophobicity of the barriers 

was tested using food dye aqueous solution. As can be 
observed in Fig. S2 (ESI), the varnish barrier showed 
good hydrophobicity, sealing the paper, and avoiding the 
absorption of the solution. This finding demonstrates the 
potential for use of this material in the production of paper 
analytical devices. For the subsequent studies, the stamp-
ing and drying time were evaluated. It was found that a 
stamping time of 2 s yielded the best results (solid hydro-
phobic barriers with less dispersion of the varnish) and 
the varnish solvent evaporated completely after 10 min, 
generating ready-to-use devices.

The resolution of the proposed method for the production 
of spot tests and fluidic channels was evaluated. Figure 3A 
and 3B present spot tests with internal diameter between 
2 and 7 mm, as well as flow channels with widths in the 
range from 2 to 5 mm. For both devices, it can be seen that 
the minimal stamp dimension that allowed complete flow of 
solutions without obstruction was 3 mm. Therefore, this was 
defined as the minimal resolution for the method. The ability 
of the varnish to penetrate into the paper fibers for sealing 
the entire substrate structure was also examined. During the 
assays, it was concluded that stamping on only one side was 
sufficient to create an efficient hydrophobic barrier on both 
sides of the paper, as exposed in Fig. 3C. It may be attrib-
uted to the varnish’s relatively low viscosity, which favors its 
quick penetration through the substrate. On the other hand, 
this relatively low viscosity was responsible for the lateral 
spread of the varnish observed during the stamping step, 
which caused an increase in the width of the hydrophobic 
barriers and a decrease in the width of the hydrophilic zones, 
in comparison with the nominal dimensions. The average 
width of the hydrophobic barriers of the PADs used in this 
work was 1.7 ± 0.1 mm (for n = 25 measurements), while 
the thickness of the stamps used was 1 mm. Regarding the 
width of the hydrophilic zones, Fig. 3D displays that for 
devices where the nominal dimensions were defined as 4, 5, 
6, and 7 mm, the measured widths were 3.1 (78% of nomi-
nal size), 4.0 (80% of nominal size), 5.3 (88% of nominal 
size), and 6.4 (91% of nominal size), respectively (for n = 5 
measurements in each size). These data indicate that there 
is a systematic deviation in the dimensional fidelity of the 
proposed protocol, being more accentuated for the smaller 
dimensions. However, it does not preclude the use of this 
procedure.

Morphological investigation

SEM was used to confirm the feasibility of using the var-
nish to create hydrophobic barriers on paper substrates. 
Figure 4A displays SEM image of surface of a paper-based 
device fabricated by this method. It can be clearly seen that 
there are differences between the bare paper (hydrophilic 
region) and the region covered by the varnish (hydrophobic 
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section), which confirms that the varnish successfully covers 
and seals the paper surface. Furthermore, Fig. 4B presents 
a cross-section image of PAD where it is evident that the 
varnish also permeates into the paper fibers to completely 
seal the desired regions of substrate, generating efficient 
hydrophobic barriers.

Chemical compatibility

The resistance of the hydrophobic barriers was investigated 
against various aqueous and organic media often used in 
analytical protocols. As shown in Fig. S3 (ESI), the varnish 
barriers presented optimal resistance in the pH range from 2 

to 14. Moreover, the devices also showed good compatibil-
ity with aqueous solutions of neutral, cationic, and anionic 
surfactants (Triton X-100, CTAB, and SDS, respectively). 
This is especially interesting to the field of electroanalysis, 
where surfactants are often employed [30].

The varnish barriers were also tested against acetone, 
acetonitrile, ethanol, and methanol. None of these solvents 
affected the hydrophobic structures of the devices. This is 
an interesting finding since these solvents are commonly 
used in a variety of analytical procedures, such as non-
aqueous electrophoresis and chromatography. The novel 
contact stamping method presented here showed better 
chemical resistance compared to other stamping methods, 

Table 1  Comparison of the procedure based on all-purpose varnish and 3D-printed stamps reported here versus other contact stamping methods 
used to create hydrophobic barriers on paper substrates

Fabrication tech-
nique

Instrumentation 
required

Steps Hydrophobic mate-
rial

Suitable for electro-
chemical applica-
tions

Drawbacks Ref. (year)

Patterning with rub-
ber stamps

Custom-made rub-
ber stamps

Stamping and 
drying at room 
temperature

Waterproof indel-
ible ink

Not demonstrated Not suitable for 
large scale;

Compatibility 
with acid, bases, 
surfactants, and 
commonly used 
organic solvents 
not demonstrated

[16]
(2020)

Hot embossing with 
metal stamp

Wax printer;
Embossing 

machine;
Custom metal 

stamps

Prepare lab-
engineered paper 
sheets;

Coat paper with 
wax;

Hot embossing 
with metal stamp 
patterns

Wax Not demonstrated Time consuming;
Requires dedicated 

instrumentation;
Not compatible with 

surfactants and 
common organic 
solvents [7, 20]

[17]
2019

Stamping with rub-
ber patterns and 
nail polish

Custom magnet rub-
ber stamper made 
by laser cutting

Dilute nail polish in 
ethyl acetate;

Stamping and 
drying at room 
temperature

Nail polish Not demonstrated Not suitable for 
large scale;

Not totally compat-
ible with ethanol;

Compatibility with 
acidic and other 
organic solvents 
not demonstrated

[18]
(2018)

Stamping with 
Rubik’s Cube and 
iron components

Rubik’s Cube; Iron 
plates with laser-
engraved patterns

Stamping and 
drying at room 
temperature

Rosin solution Not demonstrated Not suitable for 
large scale;

Compatibility 
with acid, bases, 
surfactants, and 
commonly used 
organic solvents 
not demonstrated

[19]
(2017)

Patterning with cus-
tom rubber stamps 
and PDMS

Elastomeric stamps;
Oven

PDMS preparation;
Stamping;
Curing at oven

PDMS Yes Not suitable for 
large scale;

Uses a toxic solvent 
(hexane)

[20]
(2015)

Stamping with all-
purpose varnish

3D-printed stamps Stamping and 
drying at room 
temperature

Acrylic resin Yes Not suitable for 
large scale;

Low resolution

This work
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as summarized in Table 1. It opens up the possibilities for 
using this fabrication protocol for production of devices that 
can be applied in a wide range of aqueous and non-aqueous 
analytical procedures that are not covered by other stamp-
ing methods nor by well-established methods such as wax 
printing.

Flow characterization

The type the flow occurring into the channels fabricated 
by this stamping method was studied, since the theoretical 
understanding of the flow properties is an important matter 
regarding applications in microfluidics, where a laminar flow 
is expected. The dimensionless Reynolds’ number (Re) is an 
important criterion that describes whether such developed 
flow conditions lead to laminar or turbulent flow. It also 

depends on the flow geometry and flow pattern. Reynolds’ 
number is defined as:

in which ρ is the density of the fluid (kg  m−1), L is the width 
of the channel (m), U is the velocity of the flow (m  s−1), 
and µ is the dynamic viscosity of the fluid (kg  m−1  s−1). 
Values of Re below 1000 suggest a laminar flow, whereas 
values of Re above 1000 indicate a turbulent flow [31]. Using 
fluidic channels with the minimal resolution of the method 
(3 mm), aqueous media and the values of 1000 kg  m−1 for 
ρ, 1 ×  10−3 kg  m−1  s−1 for µ, and 3.14 ×  10−3 m  s−1 as the 
measured flow speed, the calculations yielded a Re of ca. 
6.3. This value indicates that the microfluidic paper devices 
demonstrated here produce a laminar flow, as expected.

R
e
=

�LU

�

Fig. 3  Spot tests (A) and fluidic 
channel devices (B) used to 
investigate the protocol resolu-
tion; front and back views of a 
lateral flow device fabricated 
and its respective stamp (C); 
comparison between nominal 
and real widths of hydrophilic 
zones in devices fabricated in 
several sizes (D). Each point 
on this plot was obtained from 
measurements of n = 5 devices

2 mm 3 mm 4 mm 5 mm

2 mm 3 mm 4 mm 5 mm 6 mm 7 mm

A

B

C

f
r
o
n
t

b
a
c
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Fig. 4  SEM images of paper-
based devices fabricated accord-
ing to the described protocol: 
surface (A) and cross-section 
(B) image of a paper device; 
(i) refers to the hydrophobic 
barrier region and (ii) refers to 
the hydrophilic zone region of 
the device. The dashed lines 
indicate the separation between 
hydrophobic and hydrophilic 
zones
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Exploration of more complex shapes, flexibility, 
and electrochemical detection

Aiming to demonstrate the versatility of this fabrication 
approach, PADS with more complex geometries were fab-
ricated as a proof of principle. As demonstrated in Fig. 5A, 
the stamping method based on 3D printing reported here is 
suitable for the fabrication of functional PADS in several 
shapes. Different geometries can be achieved according to 
the user demand at an affordable price. The cost of each 
3D-printed stamp was appraised as ca. $ 0.15. These devices 
might be employed in several applications, such as multi-
plexed analysis [32, 33]. Moreover, the PADs developed 
here presented excellent flexibility. As exhibited in Fig. S4 
(ESI), the devices can be bent at an angle of 180° without 
damaging the hydrophobic structures. This feature makes 
this technology suitable for use on production of wearable 
sensors and demonstrates another great potentiality [34, 35].

Electrochemical techniques are quite interesting for detec-
tion in paper-based devices due to the selectivity and high 
sensitivity that can be achieved. The fabrication of paper-
based electrochemical devices involves the incorporation 
of electrochemical sensors and delimitation of hydropho-
bic barriers. In this context, wax printing is the most used 
method for patterning paper substrates [36]. However, 
wax has as limitation its incompatibility with surfactants 
and organic solvents often used in electrochemical proce-
dures, such as ethanol, methanol, and acetonitrile [37, 38]. 
So, protocols that allow the patterning of paper substrates 
with barriers that are compatible with organic media and 
surfactants are welcome and can enable electrochemical 
applications that cannot be performed with wax printing 

or other stamping methods. Voltammetric measurements 
using paper-based electrochemical devices fabricated 
according to the protocol described here were carried out 
in the presence of the benchmark redox system Fe(CN)6

−4/
Fe(CN)6

−3. As can be seen in Fig. 5B, the voltammetric pro-
file observed was well defined and as expected for such elec-
trochemical system. Two peaks were obtained, one anodic 
at Ep =  + 0.168 V and one cathodic at Ep =  − 0.175 V [29, 
39–41]. In addition, none unknown voltammetric signal was 
observed in the measurement of blank (0.5 mol  L−1 KCl 
solution), indicating that the varnish hydrophobic barrier 
does not cause any interference in the voltammetric scans. 
These findings attest to the applicability of this contact 
stamping method for production of paper-based devices 
aiming electrochemical applications in aqueous and non-
aqueous media, besides presenting evident advantages over 
other fabrication protocols such as simplicity and low cost.

Repeatability, reproducibility, and shelf life

Repeatability of the fabrication protocol was evaluated by 
assessing the diameter of the detection zones and the amount 
of all-purpose varnish transferred to each device in a series 
of n = 10 PADs fabricated using the same 3D-printed stamp. 
The observed relative standard deviation (RSD) was 6.2% 
regarding the diameter of the hydrophilic zones and 7.6% 
regarding the mass of varnish. These values are quite accept-
able and indicate satisfactory fidelity among the devices.

Reproducibility was assessed in the same way. The diam-
eter of hydrophilic zones and amount of varnish transferred 
to paper devices fabricated with n = 6 different 3D-printed 
stamps were compared. The RSD values achieved in these 

Fig. 5  A Some functional 
paper-fluidic devices fabricat-
ing by the method proposed 
here and their respective 
3D-printed stamps; B cyclic 
voltammograms recorded 
in the absence (dashed line) 
and presence (solid line) of 
1 mmol  L−1 each of potassium 
hexacyanoferrate(II) and potas-
sium hexacyanoferrate(III). 
Electrolyte was 0.5 mol  L−1 
KCl solution. Measurements 
were recorded with the PED 
fabricated using the proposed 
stamping approach. Scan rate 
was 50 mV  s−1

3 mm

3 mm

A

B

3 mm
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assessments were 5.5 and 6.7%, respectively. These data 
indicate an acceptable reproducibility for the fabrication pro-
tocol. The normalized results of these assays are depicted in 
Fig. S5 (ESI). The PADs fabricated according to this method 
also showed long shelf life. If stored in a dry and contami-
nation-free place, they remain usable for long periods (more 
than a year according to our studies).

Quantitative assays

As proof of concept to demonstrate feasibility in routine 
applications, spot tests fabricated according to the protocol 
developed here were used to quantify iron ions in pharma-
ceuticals by external standard method. The calibration plot 
obtained is presented in Fig. 6, where it can be seen that the 
colorimetric signal showed good dependence with concen-
tration in the range from 2 until 25 mg  L−1. The correspond-
ing linear equation was (Adjusted color intensity/AU) =  − (0
.093 ± 0.005) + (3.36 ± 0.14) ×  [Fe2+]/mg  L−1 and the corre-
lation coefficient was 0.999. The values found for the limit of 
detection (LOD) and limit of quantification (LOQ) were 0.61 
and 2.0 mg  L−1, respectively. The LOD was assessed experi-
mentally (based on a signal-to-noise ratio of 3) while the 
LOQ was determined by the relationship LOQ = 3.3 × LOD 
[42, 43]. The LOD achieved in this current work is lower 
than the values reported by Waller in 2019 [22] and De Mat-
teis in 2020 [44], who also utilized paper-based colorimetric 
platforms for iron sensing.

The analysis of three pharmaceuticals was carried out to 
certify the content of active ingredient using paper-based 
colorimetric sensors and also spectrophotometry, employed 

as a reference method. The results obtained by the two meth-
ods were quite similar (the relative error was < 5% for all 
measurements). Furthermore, the values found were in good 
agreement with the nominal content informed in the leaflets 
of the products (recoveries ranged between 104 and 108%). 
According to the legislation of Brazilian National Agency of 
Sanitary Surveillance (ANVISA), pharmaceutical formula-
tions must have a real content of active ingredient ranging 
between 90 and 110% of the value informed in the leaflet 
[30]. Based on this legislation, the results obtained during 
the assays are within expectations and indicate satisfactory 
accuracy, as well as good precision (RSDs were < 4% for all 
measurements). These results are summarized in Table S1 
(ESI) and prove the potential of this simple and inexpensive 
technology for use in routine analytical procedures, espe-
cially in resource-limited places.

Conclusions

This work has reported, for the first time, the use of all-
purpose varnish and 3D-printed stamps for patterning hydro-
phobic barriers aiming the production of paper-based ana-
lytical platforms. This acrylic varnish is commonly used in 
craftwork and is sold worldwide at an affordable price (ca. 
$ 27 per liter). The contact stamping method shown here 
allows applications in aqueous and non-aqueous media that 
are not possible with other methods. In addition, this stamp-
ing method also enabled the fabrication of paper electro-
chemical devices, showing great versatility. However, some 
limitations are the fact that it is not suitable for mass produc-
tion and the resolution obtained is lower than those claimed 
by other methods. Our research group has been working on 
some strategies to improve the manufacturing process and 
implement large-scale production. About poor resolution 
compared to other methods, it is not a big issue, as devices 
manufactured by this method suit most applications.

The usefulness of this approach has been successfully 
demonstrated through quantitative determination of iron 
ions in pharmaceutical formulations. Thus, based on that 
described here, we believe this novel contact stamping 
method exhibits great potential for application in colorimet-
ric and electrochemical measurements and is a very inter-
esting option for fabrication of inexpensive point-of-care 
devices. Moreover, it explores another great potentiality for 
using 3D printing technologies in analytical sciences.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00604- 021- 05102-7.
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