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Abstract: Due to its properties, paper represents an alternative to perform point-of-care tests for
colorimetric determination of glucose levels, providing simple, rapid, and inexpensive means
of diagnosis. In this work, we report the development of a novel, rapid, disposable, inexpensive,
enzyme-free, and colorimetric paper-based assay for glucose level determination. This sensing strategy
is based on the synthesis of gold nanoparticles (AuNPs) by reduction of a gold salt precursor, in which
glucose acts simultaneously as reducing and capping agent. This leads to a direct measurement
of glucose without any enzymes or depending on the detection of intermediate products as in
conventional enzymatic colorimetric methods. Firstly, we modelled the synthesis reaction of AuNPs
to determine the optical, morphological, and kinetic properties and their manipulation for glucose
sensing, by determining the influence of each of the reaction precursors towards the produced AuNPs,
providing a guide for the manipulation of nucleation and growth. The adaptation of this synthesis
into the developed paper platform was tested and calibrated using different standard solutions with
physiological concentrations of glucose. The response of the colorimetric signals obtained with this
paper-based platform showed a linear behavior until 20 mM, required for glycemic control in diabetes,
using the Red × Value/Grey feature combination as a calibration metric, to describe the variations in
color intensity and hue in the spot test zone. The colorimetric sensor revealed a detection limit of
0.65 mM, depending on calibration metric and sensitivity of 0.013 AU/mM for a linear sensitivity
range from 1.25 to 20 mM, with high specificity for the determination of glucose in complex standards
with other common reducing interferents and human serum.
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1. Introduction

Glucose is the primary energy source of cells and acts as a metabolic intermediate, being transported
through the bloodstream of organisms [1,2]. The normal levels of glucose in human blood range
from 3.8 to 6.9 mM (68–124 mg/dL), approximately, although these levels may change during the
day, being lower upon fasting and reaching a peak in postprandial states [3]. Both high and low
glycemic levels are detrimental for health status, for example, a level below 2.8 mM (50 mg/dL) after
fasting or following exercise is considered an hypoglycemic event [4]. The incidence of glucose levels
outside the normal range may indicate the presence of health conditions, such as diabetes mellitus [1].
Diabetes mellitus is a chronic disease characterized by persistently high glucose levels and caused by
the incapacity of the pancreas to produce sufficient insulin (type I diabetes) or by its inability to promote
glucose uptake (type II diabetes) [5]. For diabetes management, blood glucose concentration should be
strictly controlled and below 10 mM (180 mg/dL) according to the American Diabetes Association [6],
otherwise it can lead to serious complications including diabetic retinopathy, kidney failure, strokes,
heart attacks, fatty liver disease, high blood pressure, blindness, and coma [7].

Although there is no cure for diabetes, blood glucose monitoring combined with appropriate
medication can enhance treatment efficacy, alleviate symptoms, and diminish the complications of
the condition [8,9]. Nowadays, the main methods for glucose sensing and monitoring are invasive
and based mostly on electrochemical detection of either hydrogen peroxide as a by-products or
electrons released upon oxidation of glucose via the glucose oxidase enzyme. This is the benchmark in
glucose detection in the point-of-care, with test strips that include sample processing and metabolite
determination in easy-to use, small, and fast fashion [10]. More recently, CGM (Continuous Glucose
Monitoring) devices have been employed for glucose detection, providing a continuous and real-time
monitoring of glucose and alerting patients in case of sudden variation or approach to undesirable
glucose levels [5,11]. Nonetheless, the World Health Organization established guidelines for the
development of diagnostic point-of-care tests, which are summarized under the acronym ASSURED
(Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free, and Delivered to those
in need) [12]. Paper is considered a viable alternative to serve as a substrate for disposable diagnostic
devices, not only due to its biodegradability and biocompatibility, but also because of its availability and
cheap manufacturing costs, in every part of the world [12,13]. Moreover, its color, usually white, serves as
a good background in platforms for colorimetric detection, with the advantage that color changes can
be detected by visual inspection [14]. Current methods for detection and quantification of glucose using
paper-based devices are based on decomposition of glucose by the action of glucose oxidase (GOx) or
enzyme mimicking materials, producing hydrogen peroxide, followed by a catalytic reaction with H2O2

and the use of peroxidase to oxidize colorimetric indicators or produce detection potentials, resulting in
signals that are proportional to glucose concentration in the sample [1–3]. However, all the above
glucose detection methods are indirect or require enzymatic reactions. In this setting, enzymes present
several shortcomings, mainly related to purification and subsequent applications and immobilization
in sensing platforms, associated with inherent stability issues related to the chemical environment
surrounding the electrocatalytic reactions, mainly temperature, humidity, and pH, that jeopardize their
high selectivity. Furthermore, the necessary use of bienzymatic systems lead to stringent environmental
conditions for optimal performance, influence shelf life, and call for rigid storage requirements of
platforms [15,16]. Thus, non-enzymatic sensing approaches have been proposed as a beneficial
alternative to replace enzymes and the necessary enzymatic bioactivity by more reliable, reproducible,
and simple materials, showing great promise for high performance sensor development [16–18].
Various approaches have been presented when developing non-enzymatic sensing mechanisms,
with the use of nanostructured materials standing out due to their disruptive electrical, chemical,
optical, and catalytic properties, that are very advantageous for application in glucose sensing [19,20].
The use of in-situ synthesis of nanomaterials for colorimetric sensing has gained much attention due to
its simplicity, ease of operation, and good sensitivity [21]. Some optical, colorimetric glucose sensing
mechanisms based on noble metal nanoparticles have been presented in the literature, but most rely on
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pre-functionalization of particles or complementary use of enzymes or other catalytic reactions for the
production of color signals, instead of using direct reactions between glucose and the precursor reagents,
and there is yet to be such approach translated into a paper-based platform [22–27]. Nanostructured
gold has also been applied in electrochemical sensing as a means of improving sensors catalytic
capabilities, both in conjugation with GOx or for the development of non-enzymatic sensors [28–32].
However, these require more complex setups, both in terms of manufacture and use, hindering their
portability and sustainability, when compared to a paper-based, colorimetric approach.

Herein, we report, for the first time, the development of a novel, rapid, disposable, inexpensive,
enzyme-free, and colorimetric paper-based platform for glucose sensing in the physiologically relevant
range (1.25–20 mM). The platform construction was performed using Lab-on-Paper technology,
with definition of hydrophilic test zones on paper, delimited by hydrophobic barriers, formed by
printing wax patterns on the paper surface followed by diffusion of wax layers throughout the paper’s
thickness [12,13,33–35]. Regarding the glucose detection method, it is based on the synthesis of gold
nanoparticles (AuNPs) by reduction of a gold salt in the presence of NaOH, required for hydrolysis
of gold complex ions, in which glucose is the reducing agent [36–38]. When the concentration of
glucose is altered, differently sized AuNPs are produced: Lower glucose concentrations correspond to
larger nanoparticles, whereas higher glucose concentrations are associated to smaller nanoparticles.
On the paper platform, it results on the display of a red color, that is more intense and varies its hue,
when glucose concentration increases. These color changes were analyzed by visual inspection and color
space analysis of Red, Green, Blue (RGB), Hue, Saturation, and Value (HSV), and three-dimensional
cartesian coordinate system (XYZ) of images obtained with a commercial scanner, to obtain a
semi-quantitative, simple and efficient approach for colorimetric, glucose sensing by the reducing and
capping effect of this metabolite towards the gold salt. With this approach, there is no dependence of
any reaction products used as mediators in conventional enzymatic sensing approaches, resulting in a
direct glucose dependent color signal obtained without the use of any enzymes, showing the potential
for enzyme-free, colorimetric glucose level determination in the point-of-care.

2. Materials and Methods

2.1. Synthesis of AuNPs in Solution

Firstly, solutions of each precursor reagent were prepared using a Milli-Q water filtration
system 18.2 Ω (Millipore Corporation, Billerica, MA, USA). D-Glucose (Sigma-Aldrich, St. Louis,
MO, USA) solutions were prepared to each respective concentration (1.25–50 mM) using deionized
water. Moreover, solutions of sodium hydroxide (NaOH, Fisher Scientific, Loughborough, UK)
and tetrachloroauric acid trihydrate (HAuCl4·3H2O, Acros Organics, NJ, USA) were also prepared.
HAuCl4·3H2O solutions of each concentration were added in 500 µL aliquots to eppendorf tubes
(or microcentrifuge tubes), subsequently placed on a vortex mixer (VELP Scientifica, Usmate Velate,
Italy). While vortexing, 10 µL of NaOH solution with desired concentration were added to promote
gold complex ion hydrolysis. After 1 min, 500 µL of D-glucose solution were added to the vortexing
solution, inducing the reduction of gold salt complex ions and the formation of AuNPs. For the study
of reaction kinetics by in-situ synthesis of AuNPs at the UV-Vis spectrophotometer, this procedure
was carried in quartz cuvettes placed inside the device holder. HAuCl4 and NaOH were mixed in a
cuvette and hydrolysis took place for 1 min. After 1 min, measures were started upon the introduction
of reductant and start of AuNPs’ formation. All experiments were performed at room temperature
(25 ◦C), to reduce the influence of this variable on the synthesis of AuNPs.

2.2. AuNPs Characterization

The colorimetric changes resulting from the synthesis of AuNPs in solution were analyzed by
UV-Vis spectrophotometry. LSPR measurements were taken using a multifunctional microplate reader
(Tecan Spark 10M, Tecan, Männedorf, Switzerland) equipped with a Xenon-flash lamp and a high-speed
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monochromator. Two hundred microliters of each AuNPs’ colloidal suspension was deposited in the
wells of a 96-well, transparent, flat-bottomed, polystyrene microplate and the measurements were
performed in the wavelength range between 400 and 800 nm.

In-situ UV-Vis measures, for the study of reaction kinetics, were performed using a Thermo
Scientific Evolution 300 UV–Vis spectrophotometer (Thermo Fisher Scientific, Waltham MA, USA),
to allow for time-resolved measures (Abst). After the precursor reagents are mixed in quartz cuvettes
placed in the spectrophotometer holder, measures are started, to follow the evolution of peak absorbance
wavelength, corresponding to the plasmon resonance wavelength, over time.

Transmission electron microcopy (TEM) studies were carried out using a transmission electron
microscope (ThermoFisher Scientific Inc, TITAN C-Twin, operated at 300 kV), and samples were
prepared using Cu grids covered with a thin-carbon film, which is characterized by its transparency
and resistance to the electron beam. The thin-carbon TEM grids were drop-casted with the solutions
containing the AuNPs and then allowed to dry naturally, at room temperature. The carbon films
were immersed in the solutions containing the AuNPs, allowed to dry at room temperature for a few
minutes, and then placed on the Cu grids for further TEM analysis.

2.3. Paper-Based Platform Fabrication

The first stage for the paper substrates preparation was the creation of test zones by patterning of
hydrophobic barriers. Whatman no. 1 chromatography paper substrate sheets (570× 460 mm, Whatman
International Ltd., Floram Park, NJ, USA) were cut into A5 standard format (210 × 148 mm) and fed to
the manual feed tray of a commercial solid ink printer (Xerox ColorQube 8570, Xerox Corporation,
Norwalk, CT, USA) designed to print a wax-based ink. All the prototypes used in this work were
designed using Adobe Illustrator software (Adobe Systems Software, Ireland). The papers with printed
patterns were then placed on a hot plate (Heidolph MR HeiTec, Schwabach, Germany) at 120 ◦C for
about 2 min, allowing the wax to melt and spread vertically through the whole thickness of the paper,
creating the desired hydrophobic barriers (Scheme S1).

2.4. Synthesis of AuNPs at Paper Substrate

The synthesis of AuNPs on paper substrate was performed via in-situ gold salt reduction by
glucose, based on the previously described synthesis of AuNPs in aqueous medium. The same
reagents were used as in the synthesis in solution, although the respective volumes, concentrations,
and order of reagent introduction was altered to achieve a lab-on-paper approach. Each reaction zone
(Ø = 7 mm) was impregnated with 2.5 µL of HAuCl4 solution and the paper platforms were dried at
room temperature. Then, 2.5 µL of NaOH solution were added to each well and allowed to dry at room
temperature for 10 min, promoting hydrolysis of gold(III) chloride complex ions in the paper substrate.
Finally, 2.5 µL of D-Glucose solution with desired concentration were added to each well, leading to
the formation of AuNPs on paper. The drying process was continued for a few more minutes to ensure
reaction completion. All experiments were performed at room temperature (25 ◦C), to reduce the
influence of this variable on the synthesis of AuNPs.

2.5. Data Acquisition and Colorimetric Analysis

The colorimetric paper-based results were recorded with a digital scanner (All-in-One Printer
1050A HP, Hewlett-Packard Development Company, L.P., Palo Alto, CA, USA) with 600 dpi resolution
and the digitalized data were then analyzed without further manipulation, using a custom image
processing software, for analysis of various color space features, more specifically, RGB (Red, Green,
Blue), HSV (Hue, Saturation, and Value), and XYZ. Crops of reaction zones (50 × 50 pixels) are
automatically drawn out and features extracted from pixels, followed by the computation of the mean
values of each feature in the crop. Mean feature values were correlated to glucose concentrations, with
outlier detection criteria of values above 3σ.
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2.6. Testing Against Interfering Agents

Testing against common reducing agents in biological solutions (fructose, galactose, ascorbic acid,
glutathione, and lipoic acid) [39] was carried in the paper substrate, to assess if they influence the direct
reduction of gold salt by glucose. To do so, solutions with twice the desired concentrations of interfering
agents were prepared in MilliQ water and mixed with glucose solutions. Posteriorly, the synthesis
was carried as previously presented. Additionally, solutions containing only the interfering agents,
without glucose, were used to carry the synthesis, to show if the interfering agents alone could produce
gold nanoparticles.

2.7. AuNPs Characterization at Paper Substrate

Spectral profiles of AuNPs synthesized in-situ at the paper substrate were collected by cutting
paper-disks with AuNPs, that were placed at the wells of a 96-well, transparent, flat-bottomed,
polystyrene microplate, with measurements performed using the same methodology as for colloidal
suspensions, with a wavelength range between 400 and 800 nm. Nanoparticles’ morphology was
characterized by SEM-EDS (Carl Zeiss AURIGA Crossbeam SEM-FIB, Oberkochen, Germany) using an
accelerating voltage of 2 keV with an aperture size of 30 µm and a working distance between the sample
and the SEM column of 5.8 mm. The crystallographic structure of the nanoparticles was determined by
XRD (X’Pert Pro MPD, PANalytical, Almelo, The Netherlands) with a CuKα target and a wavelength
of 1.5406 Å. The diffraction pattern was acquired at angles (2θ) between 10◦ and 90◦ with a step of
0.03◦, in the continuous mode and operating at 45 kV and 40 mA. The presence of AuNPs on the paper
was proved by SERS (Surface-Enhanced Raman Spectroscopy). Tetraethylrhodamine hydrochloride
(Rhodamine 6G-R6G) was selected as a SERS probe because of its very intense and distinct Raman
signals and used without further purification. According to a previous work [40], SERS samples
were prepared by dropping 2 µL of a 1 × 10−6 M R6G (Sigma-Aldrich, St. Louis, MO, USA) solution
on the paper substrate, while a 1 × 10−3 M R6G solution was used in glass as the reference control.
Raman measurements were performed in a LabRam 300 Horiba Jobin Yvon spectrometer (Horiba,
Kyoto, Japan) equipped with an air-cooled CCD detector and a HeNe laser operating at 1750 µW of
632.81 nm laser excitation. Spectral analysis was performed with the curve-fitting program Peakfit v4.12
(Seasolve Software Inc., San Jose, CA, USA). After linear baseline subtraction, Lorentzian decomposition
of spectra was performed to identify peak parameters (height, area, center, and width) associated with
selected Raman lines and then the average SERS enhancement factors (EF) were calculated.

2.8. Colorimetric Sensing in Complex Samples

A validation of the presented method was carried using complex solutions, more specifically,
human serum, obtained from a healthy donor. Considering the matrix effect of blood samples and
its derivatives, a protein precipitation protocol was used for extraction of proteins, as they influence
the formation of AuNPs. Spiked serum samples with desired concentrations of glucose were mixed
with different volumes of ethanol (1:1, 1:2 and 1:3 ratios of serum:ethanol, resulting in 50%, 33%,
and 25% diluted serum samples). Ethanol leads to the precipitation of proteins in samples, that were
then centrifuged at 6000 rpm for 10 min, with the resulting supernatant (without ethanol extraction)
being used to carry the synthesis. Protein precipitation and removal efficiency was tested using the
colorimetric Biuret reagent. The production of the Biuret reagent was the following: 0.4 g of NaOH
was dissolved in 40 mL deionized water, followed by dissolving 0.45 g of sodium potassium tartrate.
Posteriorly, 0.15 g of copper sulfate was dissolved in this mixture, followed by dissolution of 0.45 g of
potassium iodide. Finally, the mixture volume was made to 50 mL by addition of deionized water.
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3. Results

3.1. AuNPs Synthesis Mechanisms through Reduction and Capping by Glucose

In the green synthesis of AuNPs promoted by glucose, the aldehyde functional group is oxidized,
being responsible for electron donation, reducing Au(III) ion from HAuCl4 to Au(0) oxidation state.
This leads to formation of Au seeds in solution, whose size corresponds to a color shift depending on
glucose concentration in the system, as previously reported [36,41,42].

The first step in the production of AuNPs by glucose reduction of the gold salt precursor is the
mixing of an aqueous solution containing AuCl4− ions with sodium hydroxide (NaOH), in order
to adjust pH and cause the hydrolysis of Au(III) chloride complex ions, which is governed by the
following chemical equation:

[AuCl 4]
− + nOH−

kh
−−−−−−−→ [AuCl 4−n(OH)n]

− + nCl− (1)

where n is the number of Cl− ligands exchanged by [OH]− ions (n = 1, 2, 3, 4). Previous studies
presented in the literature have shown that gold species distribution is dependent on pH, with a higher
rate of exchange of Cl− by OH− occurring for higher pH values as well as initial concentration of
gold and chloride, as variations in ionic strength occur [43]. However, at room temperature, the main
species of gold complex ions formed is AuCl3(H2O), which is quickly dissociated to [AuCl3(OH)]− [44].

Upon introduction of D-glucose aqueous solution into the hydrolyzed precursor solution,
the reduction process starts, with the base facilitating the opening of the sugar ring by abstraction
of the α-proton in the oxygen atom, leading to oxidation of glucose to gluconic acid [38]. After a
certain amount of time, colloidal solutions show strong coloration ranging from red to purple/blue,
depending on the reaction parameters. This is caused by the reduction of Au(III) ions by glucose,
a process governed by the following chemical equation:

[AuCl 3(OH)]− + C6H12O6 −−−−−−→ Aucolloid + products (2)

Although Au(III) ions are the most common complexes formed after hydrolysis, it has been
shown in literature that Au(I) complexes are present as intermediates between the hydrolysis and the
formation of gold nanoclusters, meaning the nucleation and growth steps are subsequent to transition
from Au(III) to Au(I) oxidation states, and subsequent formation of gold seeds in the solid state [45].
Thus, by application of the Finke–Watzky theory for nucleation and growth [46] towards this AuNPs
production method, the synthesis of solid gold seeds and their growth is governed by the following
equations:

Au(I) + C6H12O6
k1

−−−−−−−→ Au + products (3)

Au(I) + C6H12O6 + Au
k2

−−−−−−−→ 2Au + products (4)

Equation (3) corresponds to slow continuous nucleation of gold atoms reduced by glucose,
which in turn leads to fast autocatalytic growth, as Au atoms in the solid state further promote the
reduction by serving as nucleation sites, represented by Equation (4). From these chemical equations,
it is possible to derive the kinetic formulas describing these mechanisms, which are used to fit and
study the experimental kinetic data [45–47].

CAu = C0,Au(I)

1 −
k1 + k2C0,Au(I)

k2C0,Au(I) + k1e(k1+k2C0,Au(I))t

 (5)
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Equation (5) is used to derive Equation (6), showing the relationship between UV-Vis spectrophotometry
absorbance experimental measures and concentration, as χ = CAu/C0,Au(I) = Abst/Absmax:

Abst = Absmax

(
1 −

k1 +k2
′

k1e(k1+k2)t +k2
′

)
(6)

These equations are used to fit the sigmoidal shape exhibited by experimental kinetic curves and
to determine the correspondent rate constants and how they are influenced by reaction parameters.

3.1.1. Effect of Reaction Parameters towards Optical and Kinetic Properties

Considering the previously presented model for studying the kinetics of AuNPs formation through
gold(III) complex ions reduction by glucose, the effects of each reaction parameter were examined.
The following reaction parameters were studied: (i) Gold salt precursor concentration; (ii) reaction
system volume; (iii) NaOH concentration/pH; and (iv) glucose concentration. Other relevant variables,
such has system temperature, also influence optical and kinetic properties of the synthesis [45], but were
not studied in this work, as a uniform temperature control method during synthesis and kinetic
measurements was not achieved.

The influence of initial gold salt concentrations was studied and results are presented in Figure
S1A,B. Different initial concentrations of precursor were applied to the synthesis (0.2–1 mM), maintaining
the concentration of reductant and NaOH for all repetitions (10 mM and 0.5 M, respectively). As noted
in Figure S1A, the monitoring of absorbance at LSPR wavelength (λmax) shows that the increase
of gold salt initial concentration leads to a variation in the size range of particles. We found that
λmax and width of the optical profile decrease when more gold salt complex ions are introduced,
meaning the size and polydispersity of particles are smaller. This parameter can then be used to reach
a λmax variation range that allows for a colorimetric response to samples containing glucose in the
physiological range. Time-resolved variation of absorbance at λmax showed that kinetic curves present
a sigmoidal shape for each of the tested conditions. The Abst/Absmax normalized curves, presented in
Figure S1B, have three characteristic stages related to the synthesis dynamics of these colloidal systems:
(i) Induction stage, (ii) fast growth stage characterized by the steep increase in absorbance, and (iii)
saturation stage, where there is the completion of the reaction and precursors have been consumed.
Time features, obtained by fitting the experimental curves with Equation (6), change with reaction
conditions (corresponding rate constants are presented in Table S1). As it can be seen, the general time
frame of AuNP formation tends to increase, as the steep increase in absorbance at λmax happens at
subsequently longer periods after introduction of the reducing agent. For the lowest initial HAuCl4
concentration, the start of steep increase in absorbance happens around 50 s, with a growth rate
constant of k2 = 0.38, while for the highest HAuCl4 concentration, this time delay increases to close to
double, with k2 = 0.19. This means that the length for incubation, where reduction of Au(III) complex
ions occurs and nuclei are formed, increases. Consequently, there seems to be a critical concentration
of gold atoms or seeds that need to be formed in the colloidal system, before the autocatalytic growth
starts, which is correlated to the increasing amount of initial gold salt concentration.

Regarding reaction system volume, different initial gold salt precursor solution volumes
(250–1250 µL) were applied, maintaining the precursor concentration (0.2 mM), as well as the
concentration and volume of reductant and NaOH for precursor hydrolysis (500 µL, 50 mM and 10 µL,
0.5 M, respectively). Results for the optical features of the obtained AuNPs are presented in Figure S1C.
By increasing the initial volume of gold salt precursor, there is a rise in the absorbance of the colloidal
suspensions, without a significant variation of LSPR wavelength (λmax = 545 ± 2 nm), apparently due
to the formation of higher amounts of particles, as more gold salt precursor is available to be reduced.
Regarding the kinetic curves, presented in Figure S1D, the sigmoidal shape of the kinetic curve is
maintained, with the increase in system volume leading to a general increase in the time for growth to
begin, resulting in a controllable time delay for the start of AuNPs’ formation, paired with a decrease
of growth rate of AuNPs (given by the derivative of the kinetic curves in Figure S2). Regarding the
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kinetic rate constants, both the nucleation (k1) and growth (k2) rate constants shift to lower values,
as can be seen in Table S2.

The effect of initial NaOH concentration and thus, the reaction pH, upon introduction of D-glucose,
was assessed, with different concentrations of NaOH being applied (0.1 to 1 M), while maintaining the
volumes and concentrations of gold precursor and reductant (500 µL, 0.2 mM HAuCl4 and 500 µL,
10 mM D-glucose). The initial pH of 0.2 mM gold salt solutions is around 4.3, with the addition of
NaOH leading to its increase to values from 9.9 (0.1 M NaOH) to 12.4 (1 M NaOH), as shown in
Table S3.

As it can be noted, the optical behavior of the produced AuNPs is one of blue shift of λmax

towards lower wavelengths for higher pH, meaning that for the same concentration of glucose, we can
achieve size distributions with lower diameters (Figure S1E). This is because hydrolysis of gold salt
complex ions happens faster, leading to a higher availability of these ions to be reduced and form
gold seeds. Thus, the dynamic range of size variation of particles can be manipulated by applying
different NaOH concentrations for hydrolysis. Also, in terms of the kinetic features of the synthesis,
pH has an effect of speeding up the nucleation and growth of particles, as showed in Figure S1F
and in Table S3, showing the increase in kinetic rate constants value associated with higher pH.
Consequently, NaOH can be used to manipulate the colorimetric behavior of the assay, to achieve color
variation of particles in the relevant glucose concentration range.

3.1.2. Effect of Reducing Agent Concentration and Direct Colorimetric Glucose Sensing

Both visual inspection and UV-Vis spectra analysis of colloidal suspensions produced using
different glucose concentrations showed evident and marked changes. It is observable by visual
inspection that at lower glucose concentrations, the solutions revealed a blue/purple color, whereas at
higher glucose concentrations, the solutions became pink-colored (Figure 1A). This is associated with a
blue shift of λmax to lower wavelengths and smaller particle size, as glucose concentration increased.
λmax fluctuates approximately between 540 nm (at a high glucose concentration of 50 mM) and 600 nm
(at a low glucose concentration of 1.25 mM). When plotting the shift in plasmon resonance vs. glucose
concentration (Figure 1B), it was verified that the largest LSPR shifts were observed at lower glucose
concentrations (below 10 mM). Moreover, changes in plasmon resonance were practically non-existent
above 20 mM, revealing a ‘saturation’ behavior at higher glucose concentrations, when available
surface area of the synthesized AuNPs able to interact and to be capped by glucose is fully covered.
Similar results were achieved when monitoring absorbance intensity for correlation with glucose
concentrations, as shown in Figure S3, where the absorbance at 500 and 650 nm was taken for correlation,
showing the same alterations in assay sensitivity for higher concentrations. Furthermore, we found
that glucose concentration also influences the kinetic features in the formation of the colloidal systems.
The less glucose is used in the synthesis, the longer the time delay until the start of AuNPs growth
and lower the rate of growth, a similar behavior to the effect of using lower gold salt concentrations,
higher volume, and lower NaOH concentrations (Figure 1C and Table S3).

Information regarding the morphology and shape of the AuNPs in colloidal suspensions
was collected by TEM. Images of AuNPs synthesized using three different glucose concentrations
were obtained: Low concentration (1.25 mM) (Figure 1D,E), intermediate concentration (10 mM)
(Figure 1F,G), and high concentration (50 mM) (Figure 1H,I). Firstly, we found that AuNPs have
an increasingly symmetrical, regular, and homogeneous morphology when synthesized with high
glucose concentrations. In addition, it was also found that nanoparticle size decreases as glucose
concentration increases. In fact, AuNPs formed using lower glucose concentrations are significantly
larger (50–100 nm of diameter) than those formed using higher glucose concentrations (3–20 nm
of diameter). The large nanoparticles formed at a low glucose concentration are apparently the result of
a kinetic aggregation mechanism, since the amount of glucose involved in the synthesis is insufficient
to cap the entire surface of AuNPs, promoting their aggregation. On the other hand, high amounts of
glucose, able to completely cap the nanoparticles surface, hinder their aggregation, resulting in smaller
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AuNPs. It is also noticeable that the size increase is greater when comparing AuNPs produced with
low and intermediate glucose concentrations, as opposed to comparing intermediate to high glucose
concentration conditions, which agrees with the decrease in assay sensitivity. Thus, the size difference
between the AuNPs at different glucose concentrations correlates nicely with the observed changes in
LSPR. Furthermore, it is also noticeable that for higher glucose concentrations, larger sized particles
(~50 nm) are formed, whereas for lower glucose concentrations, no smaller particles appear to be
synthesized. This shows that size dispersity for AuNPs synthesized with lower glucose concentrations
is higher and may affect the optical profiles of colloidal solutions. With further parameter control
(e.g., higher temperature, different gold salt, and NaOH concentrations), very uniform particles with
thinner resonance band thickness could be achieved.
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Figure 1. Colorimetric sensing in glucose solutions. (A) Colloidal suspensions of gold nanoparticles
(AuNPs) produced using different glucose concentrations and corresponding optical spectra.
Suspensions have a color evolution from blue (low glucose concentration to red (high glucose
concentrations), related to the blue-shift in λmax; (B) plot of λmax vs. glucose concentration for
semi-quantitative sensing approach, showing the decrease in λmax with variation in assay sensitivity
(n = 3, r2 = 0.996). (C) Kinetic curves with Finke–Watzky model fitting for nucleation and growth,
showing that the time for the start of AuNPs growth is prolonged when lower glucose concentrations are
applied. TEM data for AuNPs formed at different glucose concentrations. (D,E) 1.25 mM; (F,G) 10 mM;
(H,I) 50 mM.
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3.2. Colorimetric Assay in Paper Substrate

The translation of the assay into the paper substrate was accomplished through an in-situ
synthesis strategy of the glucose-capped particles at the paper surface. The synthesis was performed
by subsequent drop-casting of each precursor reagent in a specific order, to meet the requirements
of a point-of-care platform, where the sample being analyzed is lastly introduced (Scheme S2).
Firstly, gold salt precursor is loaded into the reaction zone and left to dry. Secondly, NaOH is
introduced, causing a color change (yellow to grey), due to hydrolysis at paper surface. By adding
a drop of glucose standard solution with increasing molar concentrations into each reaction zone,
a pink color appears on the paper after a few seconds, corresponding to the synthesis of AuNPs,
and the intensity of the developed color increases with the concentration of glucose in solution,
as presented in Figure S4. Knowing how each precursor influences the dynamic range of colorimetric
behavior, as shown in the previous section, parameter optimization was performed, by increasing the
concentrations of precursors drop-casted into the substrate, to attain color signal uniformity, intensity,
and stability, with a variation range that allows for discrimination of different glucose concentrations
in the physiological range.

Parameter Optimization

As previously mentioned, the colorimetric behavior of the in-situ synthesis at cellulose surface is
one of increase in the color intensity. Thus, digital analysis of color signals was carried, firstly using the
RGB color space, more specifically, by monitoring the grey scale values of pixels, as they give a measure
of how similar the color signal is to the white background of paper. To obtain stronger colorimetric
signals, the concentration of gold salt had to be increased in two orders of magnitude (from 0.2 to
10, 20, and 30 mM), as the opacity of the white background does not allow for visual detection of
particles synthesized with low concentrations of gold salt. Different combinations of gold salt and
NaOH concentrations were tested and are presented in Figure 2. By visual inspection of the results in
Figure 2A, it can be noted that both the concentration of gold salt and NaOH have influence over the
colorimetric output of the assay. Generally, the increase of gold salt concentration leads to an increase
of the color intensity, as well has some alteration in hue. Variation of NaOH concentration introduced
in the paper substrate appears to influence the range of colorimetric output of particles. As it can be
noted, in some cases, low glucose concentrations are not able to synthesize AuNPs (conditions 20-1 and
30-1 of [HAuCl4] and [NaOH]), as the amount of NaOH introduced does not allow for the formation
of visible color signals. In contrary, for some conditions (10-3 and 20-3), there seems to be NaOH in
excess, as the difference between colorimetric signals for different glucose concentration conditions is
smaller and there is not enough sensitivity. Consequently, the range of colorimetric signal variation
can be manipulated by changing HAuCl4 and NaOH concentration applied to the platform and, thus,
meet the physiological range of measurement for glucose. From the different conditions presented
in Figure 2B–D and Figure S5, the one using 30 mM of HAuCl4 and 3 M of NaOH was selected, as it
presents intense and uniform signal, with a suitable range of variation for color signals allowing for a
clear distinction between glucose concentration levels.
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Figure 2. Optimization of colorimetric signals for the paper-based glucose assay. (A) Assay performed
for different reaction parameters and the corresponding color signals. Three different HAuCl4
concentrations (10, 20, and 30 mM, 2.5 µL) and NaOH (1, 2, and 3 M, 2 µL) were used to determine
how these reaction parameters influence the color achieved in the reaction zones. (B) Histograms
of color signal intensity (grey scale value) comparison for 10 mM HAuCl4 concentration and three
glucose concentrations (1.25, 5, and 15 mM). (C) Histograms of color signal intensity (grey scale value)
comparison for 20 mM HAuCl4 concentration. (D) Histograms of color signal intensity (grey scale value)
comparison for 30 mM HAuCl4 concentration.

3.3. Color Feature Study and Calibration

Taking the chosen optimized condition for the paper-based assay, analysis of the colorimetric
signals for different glucose concentrations was performed. Features from the RGB, HSV, and XYZ
color spaces were analyzed, to obtain correlations between them and the applied glucose concentration,
to achieve a calibration for a semi-quantitative sensing approach. The colorimetric signals and the plot
of features vs. glucose concentration are presented in Figure 3. In Figure 3A, the optimized condition
is compared with another that shows an appropriate range of color variation for glucose quantification
(10 mM HAuCl4; 1 m NaOH). It can be noted that there is a much more intense colorimetric output and
a detectable variation in hue. An example of the extracted crop sections from each of the reaction zones
is presented in Figure 3B. It can be noted that the color for low glucose concentrations has a pink/pale
red hue, which gets more intense with the increase of glucose quantity. Between 5 and 7.5 mM of
glucose, there is a slight change of hue to purple, that also gets more intense as the concentrations are
further increased. This way, there is the possibility for qualitative detection of glucose with the naked
eye, because for glucose concentration above the healthy range, there is a characteristic purple hue.

The mean values of features for each crop were computed and correlated to the corresponding
glucose concentration, as can be seen in Figure 3C–E. For the features in the RGB color space, there is
a general decrease in their intensity, as the color signal gets more intense and further in value
when compared to the white background. Regarding the HSV color space, the features behave
differently. For Hue and Value, there is a decrease associated with the increase of glucose concentration.
However, for the Saturation feature, there is an initial increase until 5 mM, followed by a decrease in its
intensity. For XYZ color space, the behavior is similar to the RGB color space, as it consists in a matrix
transformation of the RGB space. Furthermore, color signal stability was studied and is presented
in Figure S6, showing that the difference in color intensity between the lower (1.25 mM) and higher
(20 mM) glucose concentration conditions decreases with time. This is due to the evaporation of the
aqueous sample matrix, following the introduction of the sample into the reaction zone. Taking these
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results into account, the color signals were taken by scanning of the paper platform 2 min after assay
performance, as the difference between color intensity is in its maximum.Nanomaterials 2020, 10, x FOR PEER REVIEW 12 of 20 
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Figure 3. Color signal for the optimized assay condition (30 mM HAuCl4 and 3 M NaOH) and digital
color analysis of Red, Green, Blue (RGB), Hue, Saturation, and Value (HSV), and XYZ color space
features. (A) Comparison between color signal for the optimized condition and an alternative condition
with an appropriate color range variation for glucose measuring, showing marked differences in color
intensity and hue. (B) Crop sections extracted from the reaction zones using a custom image processing
software, showing the variation of the color signal with increasing glucose concentrations. (C) Analysis
of RGB color space features correlated with glucose concentration. (D) Analysis of HSV color space
features correlated with glucose concentration. (E) Analysis of XYZ color space features correlated
with glucose concentration (n = 6).

From these results, a selection of features was made to achieve calibration curves, with plots
presented in Figure 4. Taking the Red feature from the RGB color space and Value feature of the
HSV color space, a calibration for semi-quantitative glucose sensing was obtained (Red × Value),
showing a negative logarithmic dependency towards glucose concentration. The detection limit
of the assay using this metric for calibration is of 0.44 mM. In addition, a linear calibration
curve was obtained, computing the ratio between the presented metric and the grey scale
intensity (Red × Value/Grey), with a detection limit of 0.65 mM and sensitivity of 0.013 AU/mM.
Both calibration curves can be used individually or simultaneously, to quantify glucose in the
physiological range, with an appropriate sensitivity to distinguish different states of blood sugar
(hypoglycemia, healthy levels, and hyperglycemia). However, a linear calibration until 20 mM is
more suitable for diabetes management, as more control can be achieved for hyperglycemic states.
Consequently, the (Red × Value/Grey) ratio would be the preferred metric for correlation with
glucose levels.
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Figure 4. Calibration curves for the colorimetric, non-enzymatic paper-based assay. (A) Calibration
curve using the combination of the Red and Value channels from RGB and HSV color spaces
(y = 163.89 − 26.65 ln(x + 1.20), r2 = 0.9886, n = 6). (B) Linear calibration curve obtained by the
ratio between the previous feature combination (R × V) and the grey scale value (y = 0.836 − 0.013x,
r2 = 0.982, n = 6). (C) Paper-based platform for assay performance, showing the color signals for
different glucose concentrations.

3.4. Interference Assay in the Paper Platform

An interference assay was performed, with the purpose of evaluating if common reducing
molecules present in physiologic samples, other than glucose (fructose, ascorbic acid, glutathione,
galactose, and lipoic acid), have the capability of synthesizing AuNPs in the paper substrate and
influence the color signals. Results are presented in Figure 5 and Tables S4 and S5. We found that when
the same concentrations of glucose and interfering agents (5 mM) are applied individually, some of the
reducing agents can produce AuNPs. In the case of fructose, ascorbic acid, and galactose, color appears
in the reaction zones, as showed by the grey scale values (Figure 5A), showing that these molecules
have enough reducing potential to promote in-situ synthesis of AuNPs. However, this value of
concentration is close to 100-fold more concentrated then the normal levels of these molecules in blood
samples (in the µM range). Consequently, lower concentrations of the reducing agents, at physiological
levels, were tested (50 µM for fructose, glutathione, galactose, and lipoic acid; 100 µM for ascorbic
acid). In this case, we found that there is no appearance of the red/pink color signal characteristic of the
formation of AuNPs in paper, showing that these molecules are silent and alone, and are not able to
synthesize AuNPs. This results in a good specificity of the sensing mechanism, since in physiologically
relevant concentrations, potential interferents do not have sufficient reducing potential to promote
AuNPs synthesis.
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Figure 5. Interference assay for assessment of specificity towards glucose. (A) Color signals produced
using glucose and common reducing agents individually. (B) Color signals obtained for standard
samples containing glucose and interfering agents (G & I), with concentration in the physiological
levels, are compared with signals containing glucose individually (G) showing the effect of these
interfering agents. The plot of correlation between grey scale value and glucose concentrations are
presented in inset.
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For samples containing different glucose concentrations, simultaneously with the interfering
agents, the colorimetric behavior of the assay is maintained. As it can be seen in Figure 5B, the grey
scale intensity shows its characteristic decrease, that is maintained when the interfering agents are
present. Furthermore, the presence of interfering agents does not greatly influence the grey scale
values for most of the tested concentrations. Their presence only seems to slightly decrease the color
intensity for glucose concentrations bellow 10 mM. Similar results were achieved for the Red × Value
metric, presented in Figure S7. This translates into an improvement in assay sensitivity, as the
changes in the grey scale intensity for concentrations in the hyperglycemic interval show a greater
difference when compared to the ones in healthy blood sugar interval (Figure 5B and Figure S6—inset).
Consequently, we found that this colorimetric, paper-based enzyme-free assay presents a suitable
specificity towards glucose, as the presence of interfering agents does not lead to significant changes
in the color signals and does not hinder the capability to distinguish glucose concentrations both
qualitatively, by visual inspection, and semi-quantitatively, through digital colorimetric analysis.

3.5. AuNPs Characterization in Paper Substrate

Characterization of in-situ synthesized AuNPs promoted by glucose was performed, to better
understand the mechanisms underlying the produced color signals and the optical and morphological
characteristics of AuNPs. UV-Vis spectrophotometric measures of paper substrates with produced
AuNPs was performed, to identify the plasmonic characteristics of AuNPs and their absorbance profiles.
Results showed that the characteristic LSPR absorbance spectra could be tracked, with variations in
hue being accompanied by a red-shift of the absorbance spectra towards higher wavelengths, which is
in accordance with the color achieved in the paper substrate (Figure 6A). For color signals associated
with low glucose concentrations (pink hue), the peak absorbance wavelength presents lower values,
around 526 nm, getting higher when increasing concentrations of glucose are present (purple hue),
around 544 nm, with a red-shift of 18 nm. When compared to AuNPs synthesized in aqueous medium,
the spectral behavior is the opposite, as in this colloidal gold suspensions, there is a blue-shift associated
with increase in glucose concentration. This is apparently due to the reduction reaction occurring in a
more localized fashion, at cellulose surface. To track structural changes in the synthesized AuNPs
and correlate them to the spectral behavior, SEM was performed on AuNPs synthesized using two
different glucose concentrations (Figure 6B–E). Results showed that particles in the tens to hundreds
of nanometers are formed. For low glucose concentration (2 mM, Figure 6B,C), less particles are
present at cellulose surface, while for higher concentration (15 mM, Figure 6D,E), large clusters of
particles appear at fibers’ surface, at a much higher density. Thus, the changes in hue and the shift in
absorbance is apparently caused by a higher number of particles being formed. As more glucose is
present, it consumes more complex gold ions that were in excess and not fully consumed when lower
glucose concentrations are applied, leading to the formation of greater amounts of particles in large
clusters. This leads to the variation of plasmonic properties of the particles as a bulk, thus leading to
the change in hue. When compared to the synthesis of AuNPs in solution, it is apparent that nucleation
and growth properties of AuNPs are different. In solution, gold atoms undergo Brownian motion,
being readily available for the formation and growth of nanoparticle seeds. However, this is not the
case in the paper substrate, as gold complex ions are deposited at cellulose surface and not in motion,
leading to a different range of particle sizes for different glucose concentrations, thus presenting a
characteristic pink/red color, as presented in Figures 2 and 3.

The presence of the synthesized AuNPs on the paper was also proved by X-Ray Diffraction (XRD)
(Figure S8A). The addition of HAuCl4 and NaOH to the Whatman paper does not correspond to the
formation of any crystallographic structure, since all detected peaks are assigned to the crystallographic
structure of type I cellulose. However, after adding glucose, another peak was observed around 38.5◦,
which is assigned to the crystallographic structure of gold, corresponding to the crystal plane with
Miller index (111). Lastly, SERS was also used to test these AuNPs on paper as a potential SERS
platform. The signal of a Raman spectrum compared to a representative SERS spectrum of R6G is
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shown in Figure S8B,C. In this case, an enhancement of the Raman signal corresponding to R6G on
paper with AuNPs was observed, when compared to the signal obtained for R6G on glass. It was
possible to identify in both spectra two characteristic lines at 1360 and 1510 cm−1, corresponding to
the Raman vibrations associated with R6G. These areas were used to calculate spectral intensity and,
consequently, the respective EF. An average EF value of (4.6 × 104) for the 1360 cm−1 line and an
average EF value of (1.6 × 104) for the 1510 cm−1 line were obtained, corresponding to a considerable
enhancement of Raman signal due to SERS effect.
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Figure 6. Optical and morphological characterization of in-situ synthesized AuNPs. (A) Absorbance
measurements of paper substrate with AuNPs synthesized using different glucose concentrations,
showing a red-shift associated with glucose increase. (B,C) SEM images of AuNPs synthesized
using 2 mM glucose concentration. (D,E) SEM images of AuNPs synthesized using 15 mM
glucose concentration.

3.6. Colorimetric Sensing in Biological Samples

The application of this sensing assay for biological samples was performed using human serum.
Because this protocol is based on the formation of AuNPs through the direct reduction of gold salt
by glucose, the matrix effect was considered, and an appropriate sample treatment was applied.
Proteins are known to interact with AuNPs through the formation of a protein corona around particle’s
surface. [48] Therefore, a protein precipitation protocol was used to remove as much proteins as
possible, as is commonly done in nanoparticle based colorimetric assays [49], because their presence
hinders the capability of formation, growth and aggregation of particles.

The colorimetric results are presented in Figure 7. As it can be seen, the synthesis was successfully
replicated using serum samples, showing the same color evolution with the increase in spiked glucose
concentrations (increase in color intensity). However, there is an effect of the degree of protein
precipitation towards the intensity of the color signals. For a serum:ethanol ratio of 1:3 (25% serum),
there are more proteins being precipitated, thus reducing the hindering effect of proteins towards
the nucleation and growth of particles in the paper substrate (Figure 7A(1)). When lower amounts
of ethanol are used, protein precipitation is not so efficient, thus higher concentration of proteins
remain in the sample. This leads to a decrease in the resulting color intensity when spiked samples are
introduced (Figure 7A(2,3)). To better understand this mechanism, a colorimetric protein assay using
the Biuret reagent was performed (Figure S9), with results showing that for a 1:3 serum to ethanol
ratio, there is approximately 1000-fold reduction in protein concentration in serum samples, equivalent
to 0.1% serum sample.
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Figure 7. Assay performed with serum samples. (A) Color signals obtained for differently fold diluted
serum samples (1–25%; 2–33%; 3–50%), with various spiked glucose concentrations. The color signals
show a decrease of color intensity with the increase of serum concentration, due to the lower efficacy of
protein removal. (B) Color signal calibration for 25% diluted serum samples (n = 5), showing that these
complex samples lead to the same behavior of color signals, able to differentiate different blood glucose
states, in a semi-quantitative approach.

Correlating color signals obtained using 25% serum samples with glucose concentrations, we
found that the same behavior for the grey scale intensity and Red x Value metric is achieved (Figure 7B),
with a decrease in their values in a negative logarithmic dependency towards glucose concentrations.
This shows that with proper sample treatment for protein precipitation and removal, which can be
integrated in a paper-based platform, a colorimetric, enzyme-free, semi-quantitative sensing approach
can be achieved for glucose sensing. A critical comparison between the analytical performance of this
paper-based platform with others recently presented in literature is presented in Table 1.

Table 1. Comparison of analytical performance of paper-based colorimetric platforms for glucose
level determination.

Type Platform Material Linear Range Detection Limit Reference

Enzymatic—GOx/HRP/4-aminoantipyrine Chromatography paper 0.5–10 mM 0.9 mM [50]

Enzymatic—GOx/HRP/3 different
chromogenic indicators Chromatography paper 1.0–6.0 mM 12 µM [51]

Enzymatic—GOx/HRP/ABTS Carboxyl nanocellulose 1.5–13 mM 1.5 mM [52]

Enzymatic—GOD/HRP byenzyme system Chromatography paper 1.0–11 mM 0.3 mM [53]

Enzymatic—GOx/HRP/TMB Chromatography paper 0.1–1.0 mM 50 µM [54]

Non-enzymatic—AuNPs in-situ synthesis Chromatography paper 1.25–20 mM 0.65 mM This work

4. Conclusions

Easy access to simple, reliable, and effective diagnostic methods is one of the most important
aspects in prevention and treatment of diseases. Although these diagnostic tools are currently quite
common and generally available in developed countries, their need is greatest mostly in economically
and socially underprivileged regions, where the access to medical infrastructures is limited and
not specialized. Therefore, work has been carried out to provide cheap, rapid, yet robust and
portable molecular diagnostic platforms for use at peripheral laboratories and point-of-care testing.
These diagnostic platforms are particularly relevant and useful for diseases with high prevalence
worldwide, as in the case of diabetes mellitus. So, in this work, we developed a novel, inexpensive,
rapid, disposable, enzyme-free and colorimetric paper-based platform for glucose sensing in the
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physiological range, with potential for use in the point-of-care. Contrary to the typical glucose
detection tests, this method is enzyme-free and based on the principle that glucose can act as both a
reducing and capping agent for AuNPs synthesis, whose size corresponds to a color shift depending
on the glucose concentration. AuNPs formation provided by the reducing action of glucose is reflected
in the appearance of a red color on the paper substrate, which becomes more intense and varies its
hue as glucose concentration increases. The developed platform was tested and calibrated using
standard solutions with increasing molar concentrations of glucose (1.25–20 mM), resulting in reliable
calibration curves using two metrics (Red × Value and Red × Value/Grey). The colorimetric results
acquired with a commercial scanner and analyzed by digital image processing resulted in appropriate
ranges of variation for the measurement of glucose in the physiological range, with good sensitivity
and specificity, in a cheap, efficient way, with reliable results within 2 min of assay performance. A first
validation of this paper-based method was performed with human serum samples, showing that
the direct synthesis of AuNPs using complex solutions is successful. Using spiked serum samples
treated to remove the matrix effect through a protein precipitation method, the applicability of this
assay was proved, as the behavior of increased color intensity is achieved, and glucose concentrations
can be discerned. This pre-treatment method showed efficacy for decreasing protein influence in
AuNPs synthesis, but other important aspects such as the reducing potential of certain proteins
towards the formation of particles should be investigated, so that in-situ nanomaterial synthesis-based
assays find wider applications. With this work, enzyme-free colorimetric sensing of glucose in paper
platforms is described for the first time, as an alternative for conventional electrochemical sensing,
with the developed platform being easy to use, without the need for expensive and complex laboratory
set ups, representing a simpler, faster, and low-cost alternative with potential to be applied to the
point-of-care. With further development of such colorimetric, non-enzymatic methods, sampling and
sample processing in paper substrate, fully functional paper-based analytical devices can be developed
and combined with digital, smartphone-based tools for automatic color signal analysis, resulting in
systems that can compete with existing glucose detection systems, with elevated sustainability.
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