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1. Introduction

Colorimetric sensors have attracted considerable attention in many sensing appli-
cations because of their specificity, high sensitivity, cost-effectiveness, ease of use, rapid
analysis, simplicity of operation, and clear visibility to the naked eye [1]. A number of col-
orimetric sensors have been developed for the detection of metal and non-metal ions [2,3],
proteins [4], small molecules [5,6], gases [7], viruses and bacteria [8,9], DNA/RNA [10–12],
reactive oxygen species and acidity/base [13], as well as the biomarkers in clinical diagnos-
tics [14–16]. However, the complex compositions of various samples and the low content
of analytes make it critical to develop sensing tools with high sensitivity and selectivity. To
meet the requirements of practical applications, colorimetric sensing technology and meth-
ods have been constantly developed and improved, for example, paper-based colorimetric
sensors that can realize real-time on-site inspection, colorimetric detection sensors based
on portable smartphones, colorimetric sensing arrays, dual-mode colorimetric sensors,
and dual-response colorimetric sensors. Sixteen high-quality papers about biosensors and
chemical sensors have been published in this Special Issue. One paper is a systematic
review article, and fifteen papers are original research articles. These papers provide
detailed studies in many areas, including the principles and mechanisms of colorimetric
sensing; nanomaterials for colorimetric (bio)sensors for biomedical applications; paper-
based colorimetric sensors; colorimetric sensors for cations, anions, and biomolecules; and
colorimetric strips.

2. Overview of Contributions

In recent years, the emergence of advanced nanomaterials has greatly facilitated
the development of colorimetric sensors. Recent advances in the design, fabrication,
and application of colorimetric sensors were reviewed by Wu et al. (contribution 1).
The advantages and application fields of colorimetric sensors were summarized, and
the classification and sensing mechanisms of colorimetric sensors were systematically
reviewed, including colorimetric sensors based on graphene and its derivatives, metal
and metal oxide nanoparticles, DNA nanomaterials, quantum dots, and other materials.
Finally, they discussed the future development trend of colorimetric sensors regarding the
problems of stability, dispersibility, conductivity, and false-positive signals that still exist in
these sensors.

Since abnormal levels of small biological molecules are associated with certain diseases,
it is of great significance to develop colorimetric sensors that can detect these molecules
quickly and sensitively. Based on curcumin-loaded polycaprolactone porous fiber mats with
strong antioxidant activity, Kossyvaki et al. successfully established a reusable intelligent
system for the rapid detection of alkaline vapors (volatile amine trimethylamine, and the
biogenic amines cadaverine, putrescine, spermidine, and histamine) and/or antioxidant
activity (contribution 2). Dopamine (DA) is an important neurotransmitter that plays a key
role in neuropsychiatric disorders. Yang et al. developed a colorimetric sensing strategy for
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the detection of DA in human serum based on a rose-like CuS@Prussian blue/Pt composite
with peroxidase-like activity (contribution 3). This colorimetric sensor exhibits excellent
stability and performance, can quickly detect DA, and has the advantage of smartphone
vision rapid inspection. Furthermore, Kang et al. designed a smartphone-assisted bedside
detection platform for uric acid based on a photoexcited oxidase mimic, a two-dimensional
(2D) imine-linked crystalline pyridine-based covalent organic framework (TpBpy COF)
(contribution 4). This sensing platform enables the in situ detection of uric acid without
special instruments with a limit of detection (LOD) of 3.1 µM and has been successfully
applied in the determination of uric acid in human urine and serum samples. In addition,
Furletov et al. reported a composite based on silver triangular nanosheets (AgTNPs) and
polyurethane foam for the chemical analysis of organic thiols (contribution 5). It was found
that the aggregation of AgTNPs under the action of thiols led to the reduction in and
significant broadening of the local surface plasmon resonance band. The spectral changes
occurring during the process can be recorded using a homemade color-recording device or
even observed visually. This method is suitable for the analysis of pharmaceuticals and
foods and demonstrates promising application potential in the solid-phase/colorimetric
determination of organic thiols.

Wang et al. developed a novel peroxidase-like nanozyme nitro-functionalized metal–
organic framework (MOF) NO2-MIL-53 (Cu) with high catalytic efficiency at neutral pH
to overcome the dependence of peroxidase mimics on acidic pH (contribution 6). NO2-
MIL-53 (Cu) exhibits excellent enzymatic mimetic activity, including peroxidase-, oxidase-,
and laccase-like activity. Based on the peroxidase-like activity of NO2-MIL-53 (Cu), a
colorimetric sensing platform for the detection of H2O2 and glucose was developed. The
detection limits for H2O2 and glucose were 0.69 µM and 2.6 µM, respectively. Furthermore,
to avoid the interference of moisture when detecting hydrogen peroxide vapor (HPV), Xie
et al. developed a new dual-mode sensor for the detection of HPV (contribution 7). The
sensor consists of a new composite material based on poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT: PSS) doped with ammonium titanyl oxalate (ATO). The
material can be made into a thin film on an electrode substrate for chemical sensing of
HPV. The adsorbed H2O2 will react with the ATO to cause a colorimetric reaction in the
substance. PEDOT acts as a hydrophobic layer that protects the underlying sensor material
from contact with moisture, thereby mitigating moisture interference during HPV detection.
This dual-mode sensing method, which combines colorimetric and chemiresistive response,
is not only more reliable but also improves the selectivity and sensitivity of detection.

Metal ions play a vital role in a variety of biological processes, nutrient cycling, and
ecosystem function. However, imbalances in ion concentrations pose a potential risk to
organisms and ecosystems, leading to health problems and environmental pollution. Three
research articles in this Special Issue focus on the detection of metal ions. Pinto et al.
reported a meso-triphenylamine BODIPY derivative for the highly selective detection of
Cu2+ and Fe3+ (contribution 8). In the presence of Cu2+ and Fe3+, the compound shows a
decrease in the absorption band at 305 nm and the appearance of new absorption peaks
at 697 nm (Fe3+) and 700 nm (Cu2+), with a change in color from yellow to blue-green.
Due to the strong complexation between the compound and Cu2+/Fe3+, the assay was
highly sensitive, with an LOD of 0.63 µM and 1.06 µM, respectively. Furthermore, Alberti
et al. developed a colorimetric paper-based analytical device (PAD) for the detection of
Pd2+ in acidic aqueous solutions (contribution 9). PAD was produced by impregnating
filter paper with an azo ligand, TazoC (2-(tetrazolylazo)-1,8 dihydroxy naphthalene-3,6-
disulphonic acid), which exhibited high selectivity for detecting Pd2+ at low pH and could
form complexes with Pd2+ and induce a color change. To enable rapid on-site detection of
Ca2+ in biological samples, Tarara et al. developed a microanalytical paper-based device
(µ-PAD) for the colorimetric determination of Ca2+ in saliva samples (contribution 10).
Under alkaline conditions, Ca2+ complexed with Methylthymol Blue in µ-PAD, resulting
in a color change on the surface of the device. The detection range was 30.71–84.15 mg/L,



Sensors 2023, 23, 9887 3 of 5

and LOD was 2.9 mg/L. This paper-based method provides a fast, low-cost, and portable
solution for the determination of Ca2+ in saliva samples.

Shik et al. developed an optical sensor array for the identification of six model proteins
and ten rennet samples (contribution 11). It was found that the protein products oxidized
by sodium hypochlorite had certain oxidation properties and reacted with carbocyanine
dyes IR-783 and Cy5.5-COOH to produce changes in color and fluorescence. Protein
identification was achieved by processing the photographic image intensity of the 96-well
plate with principal component analysis (PCA) and linear discriminant analysis (LDA).

To make the sample preparation technique more suitable for the concept of “green”
analytical chemistry, Smirnova et al. developed a rapid extraction and colorimetric assay
for synthetic food dyes based on an aqueous two-phase system (ATPS) based on a mixture
of cationic and anionic surfactants (contribution 12). The method is based on the microex-
traction of ATPS followed by the spectrophotometric/colorimetric determination of food
dyes. In addition, the colorimetric assays can be performed directly in the extract using a
smartphone. This method is suitable for the determination of dyes in food samples and
food processing industry wastewater. Phenolic compounds are organic pollutants that can
be harmful to ecosystems, even at low concentrations. To detect and degrade phenolic
compounds, Chai et al. reported a novel laccase mimic Tris(hydroxymethyl)aminomethane-
Cu (Tris-Cu) (contribution 13). Tris-Cu nanozyme was prepared using a simple and rapid
synthesis strategy based on the coordination of copper ions and amino groups in Tris. The
nanozyme exhibited excellent catalytic activity against various phenolic compounds and
can be used for the colorimetric detection of 2,4-dichlorophenol (2,4-DP) in the range of
10–400 µM. Tris-Cu also showed excellent removal of six phenolic compounds. Therefore,
it shows broad application prospects in monitoring and degrading environmental pollu-
tants. In addition, adenine phosphate-Cu (AP-Cu) nanozyme with multienzyme mimicking
activity was prepared for the efficient degrading phenolic compounds and detection of
hydrogen peroxide, epinephrine, and glutathione [17].

Ermakova et al. developed a dual-responsive and reusable optical sensor based on
2,3-diaminoquinoxaline for measuring the acidity of low-pH aqueous solutions (pH < 5)
(contribution 14). They embedded hydrophilic quinoxaline into an agarose matrix to make
pH-responsive polymers and paper test strips for visualizing semi-quantitative pH. Being
exposed to acidic solutions with pH in the range of 1–5, the sensor can exhibit different
color changes rapidly when the analysis is performed in daylight or under irradiation at
365 nm. In addition, they prepared pH indicators for quantitative analysis by immobilizing
amphiphilic quinoxaline derivatives using Langmuir–Blodgett (LB) and Langmuir–Schäfer
(LS) techniques. The resulting film has emission characteristics and excellent stability
and can be used for dual-responsive pH measurements in the pH range of 1–3. The
sensor demonstrates the potential to accurately measure pH in samples from complex
environments.

To monitor the level of singlet oxygen (1O2) in biological media, Zanocco et al. de-
veloped an “off-on” fluorescent nanoprobe for 1O2 near-infrared multiphoton imaging
(contribution 15). The nanoprobe consists of a naphthoxazole fluorescent unit and a
singlet-oxygen-sensitive furan derivative attached to the surface of mesoporous silica
nanoparticles. Under single-photon and multiphoton excitation, the nanoprobe reacts
with singlet oxygen and enhances fluorescence up to 180-fold. Nanoprobes are easily
internalized by macrophages and enable imaging of intracellular singlet oxygen under
multiphoton excitation. In addition, Laman et al. designed a Miniaturized Opticallyvclear
Thermal Enclosure (MOTE) system capable of convectively heating a sample while imaging
it with transmitted light (contribution 16). The MOTE system can effectively perform paper-
based Loop-Mediated Isothermal Amplification (LAMP) reactions for real-time detection
of λ DNA, achieving sensitivity down to 10 copies/µL of the target concentration. This
open-source, inexpensive, and low-power modular system provides a promising tool for
different applications, such as molecular diagnostics, biochemical analysis, cell biology,
and genomics.
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In addition, many small molecules, including adenine phosphate, vitamin B3, and
vitamin B6, were found to possess POD-like activity in our previous studies, which were
successfully applied in the colorimetric detection of hydrogen peroxide, ascorbic acid,
and glutathione, as well as total antioxidant capacity evaluation, respectively. Therefore,
modifications of nanomaterials using these small molecules to increase their enzyme-
like activity or endow them with multiple enzyme-like activity have great potential in
improving the sensitivity and selectivity of related colorimetric detection methods [1].

3. Conclusions

This Special Issue focused on the principles and mechanisms of colorimetric sensors,
fabricating methods, and related applications. To meet the requirements of practical
applications, researchers have developed multifunctional colorimetric sensors, for example,
based on the ATPS system for microextraction and colorimetric determination of food
dyes, the titanium oxalate-doped PEDOT films as chemoresistive and colorimetric dual-
mode sensors for the detection of hydrogen peroxide vapors, and optical sensor arrays
for differentiating between protein and rennet samples. The combination of colorimetric
sensors with smartphones, color-recording devices, colorimetric stripes, and optical sensing
arrays not only improves the portability, sensitivity, and specificity of detection but also
broadens the application field of colorimetric sensors. With the development of materials
chemistry and analytical chemistry, it is believed that colorimetric sensors will make an
even greater contribution to the chemical and biological sensing fields.

Funding: This work was supported by the National Key Research and Development Program of
China (No. 2021YFC2103300).

Conflicts of Interest: The authors declare no conflict of interest.

List of Contributions

1. Wu, Y.; Feng, J.; Hu, G.; Zhang, E.; Yu, H.-H. Colorimetric sensors for chemical and biological sensing applications.
Sensors 2023, 23, 2749.

2. Kossyvaki, D.; Fragouli, D. Functional polymeric membranes with antioxidant properties for the colorimetric
detection of amines. Sensors 2023, 23, 9288.

3. Yang, D.; Ran, J.; Yi, H.; Feng, P.; Liu, B. A homogeneous colorimetric strategy based on rose-like CuS@Prussian
blue/Pt for detection of dopamine. Sensors 2023, 23, 9029.

4. Kang, Q.; Xu, Y.; Chen, X. Design of smartphone-assisted point-of-care platform for colorimetric sensing of uric acid
via visible light-induced oxidase-like activity of covalent organic framework. Sensors 2023, 23, 3881.

5. Furletov, A.; Apyari, V.; Volkov, P.; Torocheshnikova, I.; Dmitrienko, S. Solid-phase spectrometric determination of
organic thiols using a nanocomposite based on silver triangular nanoplates and polyurethane foam. Sensors 2023,
23, 7994.

6. Wang, Y.; Wei, Y.; Li, S.; Hu, G. A nitro functionalized MOF with multi-enzyme mimetic activities for the colorimetric
sensing of glucose at neutral pH. Sensors 2023, 23, 6277.

7. Xie, X.; Gao, N.; Hunter, M.; Zhu, L.; Yang, X.; Chen, S.; Zang, L. PEDOT films doped with titanyl oxalate as
chemiresistive and colorimetric dual-mode sensors for the detection of hydrogen peroxide vapor. Sensors 2023,
23, 3120.

8. Pinto, S.C.S.; Gonçalves, R.C.R.; Costa, S.P.G.; Raposo, M.M.M. Colorimetric chemosensor for Cu2+ and Fe3+ based
on a meso-triphenylamine-BODIPY derivative. Sensors 2023, 23, 6995.

9. Alberti, G.; Magnaghi, L.R.; Iurato, M.; Zanoni, C.; Biesuz, R. Colorimetric paper-based analytical devices (PADs)
backed by chemometrics for Pd(II) detection. Sensors 2023, 23, 7425.

10. Tarara, M.; Tzanavaras, P.D.; Tsogas, G.Z. Development of a paper-based analytical method for the colorimetric
determination of calcium in saliva samples. Sensors 2023, 23, 198.

11. Shik, A.V.; Stepanova, I.A.; Doroshenko, I.A.; Podrugina, T.A.; Beklemishev, M.K. Carbocyanine-based optical sensor
array for the discrimination of proteins and rennet samples using hypochlorite oxidation. Sensors 2023, 23, 4299.

12. Smirnova, S.V.; Apyari, V.V. Aqueous two-phase systems based on cationic and anionic surfactants mixture for rapid
extraction and colorimetric determination of synthetic food dyes. Sensors 2023, 23, 3519.



Sensors 2023, 23, 9887 5 of 5

13. Chai, T.Q.; Wang, J.L.; Chen, G.Y.; Chen, L.X.; Yang, F.Q. Tris-copper nanozyme as a novel laccase mimic for the
detection and degradation of phenolic compounds. Sensors 2023, 23, 8137.

14. Ermakova, E.V.; Bol’shakova, A.V.; Bessmertnykh-Lemeune, A. Dual-responsive and reusable optical sensors based
on 2,3-diaminoquinoxalines for acidity measurements in low-pH aqueous solutions. Sensors 2023, 23, 2978.

15. Zanocco, R.P.; Bresolí-Obach, R.; Nájera, F.; Zanocco, A.L.; Lemp, E.; Nonell, S. NanoFN10: A high-contrast turn-on
fluorescence nanoprobe for multiphoton singlet oxygen imaging. Sensors 2023, 23, 4603.

16. Laman, A.; Das, D.; Priye, A. Miniaturized non-contact heating and transmitted light imaging using an inexpensive
and modular 3D-printed platform for molecular diagnostics. Sensors 2023, 23, 7718.

References
1. Chen, G.Y.; Chai, T.Q.; Wang, J.L.; Yang, F.Q. Recent advances in the colorimetric and fluorescence analysis of bioactive small-

molecule compounds based on the enzyme-like activity of nanomaterials. J. Pharm. Biomed. Anal. 2023, 236, 115695. [CrossRef]
[PubMed]

2. Chen, Z.; Zhang, Z.; Qi, J.; You, J.; Ma, J.; Chen, L. Colorimetric detection of heavy metal ions with various chromogenic materials:
Strategies and applications. J. Hazard. Mater. 2023, 441, 129889. [CrossRef] [PubMed]

3. Huang, S.; Tang, X.; Yu, L.; Hong, S.; Liu, J.; Xu, B.; Liu, R.; Guo, Y.; Xu, L. Colorimetric assay of phosphate using a multicopper
laccase-like nanozyme. Mikrochim. Acta 2022, 189, 378. [CrossRef] [PubMed]

4. Li, X.; Li, S.; Lv, Q.; Wang, C.; Liang, J.; Zhou, Z.; Li, G. Colorimetric biosensor for visual determination of Golgi protein 73
based on reduced graphene oxide-carboxymethyl chitosan-Hemin/platinum@palladium nanozyme with peroxidase-like activity.
Mikrochim. Acta 2022, 189, 392. [CrossRef] [PubMed]

5. Davoodi-Rad, K.; Shokrollahi, A.; Shahdost-Fard, F.; Azadkish, K. Copper-Guanosine Nanorods (Cu-Guo NRs) as a Laccase
Mimicking Nanozyme for Colorimetric Detection of Rutin. Biosensors 2023, 13, 374. [CrossRef] [PubMed]

6. Furletov, A.; Apyari, V.; Garshev, A.; Dmitrienko, S.; Zolotov, Y. Fast and Sensitive Determination of Bioflavonoids Using a New
Analytical System Based on Label-Free Silver Triangular Nanoplates. Sensors 2022, 22, 843. [CrossRef] [PubMed]

7. Zhang, F.; Shang, Y.; Yu, R.; Wang, Y.; Feng, F.; Guo, Q.; Xing, J.; Tian, Z.; Zeng, J.; Yan, Z. Cu2O induced Au nanochains for highly
sensitive dual-mode detection of hydrogen sulfide. J. Hazard. Mater. 2022, 436, 129144. [CrossRef] [PubMed]

8. Xiao, M.; Tian, F.; Liu, X.; Zhou, Q.; Pan, J.; Luo, Z.; Yang, M.; Yi, C. Virus Detection: From State-of-the-Art Laboratories to
Smartphone-Based Point-of-Care Testing. Adv. Sci. 2022, 9, e2105904. [CrossRef] [PubMed]

9. Ngernpimai, S.; Srijampa, S.; Thongmee, P.; Teerasong, S.; Puangmali, T.; Maleewong, W.; Chompoosor, A.; Tippayawat, P.
Insight into the Covalently Oriented Immobilization of Antibodies on Gold Nanoparticle Probes to Improve Sensitivity in the
Colorimetric Detection of Listeria monocytogenes. Bioconjug. Chem. 2022, 33, 2103–2112. [CrossRef] [PubMed]

10. Krishnan, T.; Wang, H.N.; Vo-Dinh, T. Smartphone-Based Device for Colorimetric Detection of MicroRNA Biomarkers Using
Nanoparticle-Based Assay. Sensors 2021, 21, 8044. [CrossRef]

11. Ji, G.; Tian, J.; Xing, F.; Feng, Y. Optical Biosensor Based on Graphene and Its Derivatives for Detecting Biomolecules. Int. J. Mol.
Sci. 2022, 23, 10838. [CrossRef] [PubMed]

12. Kim, S.; Han, J.; Chung, H.; Choi, Y.K.; Hashkavayi, A.B.; Zhou, Y.; Park, K.S. Pyrophosphate-Enhanced Oxidase Activity of
Cerium Oxide Nanoparticles for Colorimetric Detection of Nucleic Acids. Sensors 2021, 21, 7567. [CrossRef] [PubMed]

13. Zhou, J.; Li, G.; Ling, J.; Zhou, Q.; Chu, C. A novel near-infrared colorimetric and fluorescent probe based on a piperidine-
substituted aza-BODIPY photosensitizer for detection of extreme acidity. Anal. Methods 2021, 13, 4099–4104. [CrossRef] [PubMed]

14. Zhu, X.; Li, T.; Hai, X.; Bi, S. A nanozyme-based colorimetric sensor array as electronic tongue for thiols discrimination and
disease identification. Biosens. Bioelectron. 2022, 213, 114438. [CrossRef] [PubMed]

15. Yue, J.Y.; Song, L.P.; Wang, Y.T.; Yang, P.; Ma, Y.; Tang, B. Fluorescence/Colorimetry/Smartphone Triple-Mode Sensing of
Dopamine by a COF-Based Peroxidase-Mimic Platform. Anal. Chem. 2022, 94, 14419–14425. [CrossRef] [PubMed]

16. Xia, M.; Chu, S.; Wang, S.; Dong, X.; Chen, C.; Jiang, Y.; Li, Z.; Lu, Y. Platinum nanoparticles confined in metal-organic frameworks
as excellent peroxidase-like nanozymes for detection of uric acid. Anal. Bioanal. Chem. 2023, 415, 649–658. [CrossRef] [PubMed]

17. Chai, T.Q.; Chen, G.Y.; Chen, L.X.; Wang, J.L.; Zhang, C.Y.; Yang, F.Q. Adenine phosphate-Cu nanozyme with multienzyme
mimicking activity for efficient degrading phenolic compounds and detection of hydrogen peroxide, epinephrine and glutathione.
Anal. Chim. Acta 2023, 1279, 341771. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jpba.2023.115695
https://www.ncbi.nlm.nih.gov/pubmed/37672902
https://doi.org/10.1016/j.jhazmat.2022.129889
https://www.ncbi.nlm.nih.gov/pubmed/36087533
https://doi.org/10.1007/s00604-022-05476-2
https://www.ncbi.nlm.nih.gov/pubmed/36076043
https://doi.org/10.1007/s00604-022-05480-6
https://www.ncbi.nlm.nih.gov/pubmed/36138244
https://doi.org/10.3390/bios13030374
https://www.ncbi.nlm.nih.gov/pubmed/36979586
https://doi.org/10.3390/s22030843
https://www.ncbi.nlm.nih.gov/pubmed/35161588
https://doi.org/10.1016/j.jhazmat.2022.129144
https://www.ncbi.nlm.nih.gov/pubmed/35596991
https://doi.org/10.1002/advs.202105904
https://www.ncbi.nlm.nih.gov/pubmed/35393791
https://doi.org/10.1021/acs.bioconjchem.2c00261
https://www.ncbi.nlm.nih.gov/pubmed/36273419
https://doi.org/10.3390/s21238044
https://doi.org/10.3390/ijms231810838
https://www.ncbi.nlm.nih.gov/pubmed/36142748
https://doi.org/10.3390/s21227567
https://www.ncbi.nlm.nih.gov/pubmed/34833643
https://doi.org/10.1039/D1AY00995H
https://www.ncbi.nlm.nih.gov/pubmed/34554155
https://doi.org/10.1016/j.bios.2022.114438
https://www.ncbi.nlm.nih.gov/pubmed/35688026
https://doi.org/10.1021/acs.analchem.2c03179
https://www.ncbi.nlm.nih.gov/pubmed/36194858
https://doi.org/10.1007/s00216-022-04453-1
https://www.ncbi.nlm.nih.gov/pubmed/36443450
https://doi.org/10.1016/j.aca.2023.341771
https://www.ncbi.nlm.nih.gov/pubmed/37827670

	Introduction 
	Overview of Contributions 
	Conclusions 
	References

