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A B S T R A C T

An ideal chemo-responsive dye requires several essential features, including a facile preparation method, a broad 
range of dynamic color changes, and colorimetric responses to multiple stimuli. Herein, we present a simple and 
reliable procedure for synthesis of chemo-responsive dye from ion-pair formation of oppositely charged dyes. The 
ion-pairing dye exhibits various colorimetric responses to pH levels and amine concentrations, indicating that the 
dye has plural chromatic behaviors and wide visible spectrum: ‘halochromism’ and ‘solvatochromism’. Due to 
this, our colorimetric sensors can selectively identify various carbonyl groups such as ketone, aldehyde, and 
carboxylic acid, in which the detection limits range from a minimum of 0.019 to maximum of 2.506 ppm. 
Furthermore, the sensing array composed of a single ion-pairing dye enables the generation of easily identifiable 
color-patterns as unique fingerprints for each carbonyl groups across a range of gas levels. Based on these 
colorimetric responses to carbonyl groups, we develop dye-loaded microfiber yarn for biomarker diagnosis, 
which can check for the presence of acetone gas in the exhaled breaths and confirm whether an individual is in 
the optimal ketosis state or not.

1. Introduction

Carbonyl group is a functional group consisting of a carbon atom 
double-bonded to an oxygen atom (C=O).[1] Carbonyl groups include 
some representative organic compounds such as ketone, aldehyde, and 
carboxylic acid, which have been used in various industries and re
searches. For example, acetone is the most widely used solvent in 
organic chemistry, and hazardous material to human health upon 
inhalation exposure to that (<100 ppm).[2,3] In addition, noninvasive 
diagnosis of diabetes can be achieved by exhaled breath analysis of 
acetone.[4–6] Formaldehyde is one of the most toxic air pollutants 
established by the World Health Organization (safe exposure standard: 
0.08 ppm/30 min), causing cancer and gene mutation.[7,8] Acetic acid 
is an organic acid and widely used in various pharmaceutical and food 
industrial applications (50–60 g/L in vinegars).[9–12] Therefore, 
several spectroscopy and chromatography methods are typically 
employed to identify and differentiate these carbonyl groups, necessi
tating extensive space, prolonged processing time, and skilled personnel.
[13–16] Consequently, there is a growing demand for sensing technol
ogies with simplicity, reliability, and affordability.

Indeed, colorimetric sensors show potential for satisfaction of these 

demands.[17–20] Chemo-responsive dyes have been used as key mate
rials in most of colorimetric sensors. Thus, the colorimetric sensors have 
been intensively developed on the basis of various intermolecular in
teractions of dyes with target analytes, such as dispersion force, 
hydrogen bonding, and dipole–dipole (or ion–dipole) interaction.
[21–23] The interaction changes electrostatic potential (representing 
energies of π-delocalized electrons) of dyes, yielding colorimetric re
sponses to the analytes.[24–26] Such chromatic behaviors are primarily 
classified as halochromism, solvatochromism, thermochromism, and 
others.[27–30] Based on these detection mechanisms, the synthesis and 
chemical modification of chemo-responsive dyes are considered an 
effective way to control the colorimetric responses of the sensors.
[31–35] Nevertheless, this process often involves a high level of 
complexity and often unpredictable effect. Furthermore, the most syn
thetized and modified dyes generally exhibit a singular chromatic 
behavior, rendering them difficult to distinguish various analytes when 
using a single dye.[36,37].

To address this challenge, previous works have utilized a sensing 
array platform consisting of several dyes with different chromatic be
haviors.[38,39] This platform mimics the biomimetic technology of the 
mammal olfactory system, employing cross-reactive sensory elements (i. 
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e., chemo-responsive dyes) to generate composite color-patterns, 
serving as unique fingerprints for specific analytes. The presence of 
numerous dyes produces a sophisticated color-pattern, leading to better 
selectivity, reliability, and reproductivity. Unfortunately, it allows us to 
hinder and complicate an interpretation of the color-patterns. These 
complex arrays necessitate an image readout system equipped with 
additional devices to convert the color-patterns into identifiable signals.
[40–42] Alternatively, the sensing arrays can be simplified by employ
ing specific-responsive chemicals that react exclusively with target 
analytes, resembling an antigen–antibody reaction, thus eliminating the 
requirement for numerous chemo-responsive dyes.[43,44] However, 
these sensing arrays solely distinguish analogous analytes with same 
functional groups. For these reasons, developing a simple sensing array 
that is capable of distinguishing various targets becomes challenging.

Collectively, the necessity for a multitude of dyes in the sensing ar
rays arises from a singular chromatic behavior and the narrow visible 
spectrum of dyes. Thus, an ideal colorimetric sensor and sensing array 
with chemo-responsive dyes should have the following features. First, 
the synthesis of these dyes should be facile and should not involve any 
sophisticated procedures. Second, the chemo-responsive dyes should 
exhibit a broad range of colorimetric responses to various stimuli. Third, 
the color-patterns obtained from an ideal sensing array should be simple 
yet distinguishable for various analytes, without requiring additional 
devices.

Considering all the aforementioned demands, we present here a 
concise synthetic procedure for an ion-pairing dye that exhibits plural 
chromatic behaviors across a wide visible spectrum. Ion-pair formation 
is the process by which two ions with opposite charges, positive and 
negative, combine to form a single molecule through electrostatic 
attraction. Furthermore, this process can be easily achieved through 
simple mixing and precipitation. The ion-pairing dye responds to mul
tiple stimuli such as pH and solvent variations (i.e., halochromism and 
solvatochromism), thereby enabling significantly greater range of 
coloration compared to previous chemo-responsive dyes. We prepared a 
colorimetric sensor and sensing array capable of identifying and dis
tinguishing the carbonyl groups (e.g., acetone, acetic acid, and formal
dehyde). In this sensing system, hydroxyl amine sulfate (HAS) and 
ethanol amine (EA) react to generate different products depending on 
carbonyl groups present. HAS reacts with acetone and formaldehyde to 
produce acetoxime and formaloxime, respectively. In contrast, EA reacts 
with acetic acid and formaldehyde to produce ethanol ammonium salt 
and N-methyl ethanol imine. These reactions generate distinct chemical 
environments based on the carbonyl groups, enabling visual identifica
tion through an ion-pairing dye with plural chromatic behaviors. 
Particularly, the concentration of EA is a key factor in controlling their 
sensitivity and selectivity. Owing to these unique properties, our sensing 
array consists of only a single dye (i.e., ion-pairing dye) with varying 
concentrations of EA, which generats highly simple and distinct color- 
patterns that serve as unique fingerprints for each carbonyl group 
across a range of gas levels. Using a customized electrospinning tech
nique, we develop an ion-pairing dye-loaded microfiber yarn for 
biomarker diagnosis, specifically for detecting the presence of acetone 
gas in the exhaled breaths. This system allows for confirmation of 
whether the body burns fat for energy instead of glucose (i.e., ketosis 
state).

2. Experimental Section

2.1. Materials

Cresol red sodium salt was purchased from Tokyo Chemical Industry 
(Tokyo, Japan). Methanol (MeOH, 99.5 %), ethanol (EtOH, 99.5 %), and 
acetone (99.5 %) were obtained from Samchun Chemicals (Pyeongtaek, 
Republic of Korea). Other chemicals, including malachite green oxalate 
salt, HAS (99.999 %), EA (≥99.0 %), acetic acid (≥99.7 %), formalde
hyde (37 wt% in H2O), H2O-d2 (99.9 atom% D), dimethyl sulfoxide-d6 

(DMSO-d6, 99.9 atom% D), and poly(vinyl alcohol) (PVA, Mw =
85,000–124,000 g mol− 1, >99 % hydrolyzed) were purchased from 
Sigma Aldrich (Missouri, United States) and used as-received. Deionized 
water was obtained from Clover Chemical (Chilgok, Republic of Korea).

2.2. Synthesis of ion-pairing dye

All synthetic procedures were conducted in air at room temperature 
(20–25 ◦C) and schematically illustrated in Fig. 1a. The materials were 
used without further purification. Initially, 0.01 M aqueous solutions of 
dyes were individually prepared by dissolving 1.16 g of malachite green 
oxalate salt and 1.11 g of cresol red sodium salt in 250 mL of deionized 
water, respectively. They were then mixed together for 12 h, resulting in 
a heterogeneous mixture due to the formation of water-insoluble solids 
(i.e., ion-pairing dye, MG–CR). This solid was precipitated by centrifu
gation (5000 rpm for 10 min) to remove unpaired dyes (i.e., MG and 
CR). Finally, the precipitate was dried under vacuum at room temper
ature for 24 h, yielding a 91 % product.

2.3. Preparation of colorimetric sensors and sensing array

The colorimetric sensor was prepared as follows: 4 mg of MG–CR and 
500 mg of HAS were individually dissolved in 5 mL of MeOH and 
deionized water, respectively. The solutions were mixed for 10 min, 
followed by the addition of EA at various concentrations ranging from 
0 to 12 vol%; the mixtures were stirred until uniform coloration was 
achieved. Finally, 30 μL of the mixtures were drop-cast onto a cellulose 
filter paper, and the solvent was evaporated at room temperature 
(20–25 ◦C). The sensing arrays were produced by similar procedures but 
with different chemical compositions, as listed in Table S1 (Supporting 
Information).

2.4. Chromatic analysis for carbonyl groups exposure

For saturated vapor-sensing measurements, 10 mL of the carbonyl 
groups (e.g., acetone, acetic acid, and formaldehyde) were dropped in a 
transparent crystallizing dish, sealed the dish with a glass plate. The 
sealed dish became filled with the saturated vapor of the carbonyl 
groups upon reaching equilibrium. The colorimetric sensors were then 
placed in the dish and illuminated using a white LED light. The photo
graphic images were acquired and analyzed using a digital camera 
(Alpha 7 III, Sony, Tokyo, Japan) and graphic editing software (Adobe 
Photoshop, Adobe, California, United States). RGB values were extrac
ted and averaged from each center of the element spots (31 by 31 pixels) 
to ensure colorimetric uniformity. Differential color maps were obtained 
by subtracting the RGB values before and after exposure to the carbonyl 
groups and then expanding the range to 0–255 for better visualization. 
Controlled gas-sensing measurements were conducted using a custom
ized experimental setup, as shown in Fig. S1, Supporting Information. 
Mass flow controller (FC-280SAKZ, Celerity, California, United States) 
were employed to produce gas streams with desired levels of the 
carbonyl groups. The relative humidity (RH) was adjusted by mixing dry 
(0 % RH) and wet (100 % RH) air flow. The colorimetric sensors (or 
sensing arrays) were placed in a transparent gas chamber and exposed to 
controlled gas streams with a flow rate of 500 sccm. Images, RGB values, 
and differential color maps were obtained using the aforementioned 
methods.

2.5. Fabrication of dye-loaded microfiber yarn

First, 2 mg of MG–CR and 100 mg of HAS were individually dissolved 
in 5 mL of EtOH and deionized water, respectively. The solutions were 
mixed for 10 min, followed by the addition of EA (0.072 mL) and PVA (1 
g). The mixture was stirred at 750 rpm and 70 ◦C for 12 h, yielding a 
clear yellow-green solution. This precursor solution was electrospun 
using two individual nozzles at a constant DC voltage applied between a 
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metal needle (19 gauge) and a rotary funnel collector, as listed in 
Table S2. During electrospinning, the humidity and temperature were 
maintained at approximately 45 % RH and 25 ◦C.

2.6. Characterization

1H NMR analysis was conducted using an NMR spectrometer 
(AVANCE III 300, Bruker, Massachusetts, United States) at 300 MHz. 
The 1H NMR sample of ion-pairing dye included a 0.01 wt% MG–CR 
solution in DMSO-d6. Other samples were prepared as listed in Table S3, 
Supporting Information. The morphologies of the core wire and the 
microfiber yarn were observed using a scanning electron microscope 
(JSM-6360LV, JEOL, Tokyo, Japan) at an acceleration voltage of 5 kV. 
Absorbance spectra were acquired using a UV–Vis/NIR spectropho
tometer (Lambda 1050, Perkin Elmer, Massachusetts, United States) in 
the wavelength range of 350–750 nm. Samples for halochromic analysis 
were prepared by adding 30 μL of a 0.1 wt% MG–CR solution in MeOH to 
3 mL of the buffer solutions with various pH levels. Samples for sol
vatochromic analysis were prepared by adding 30 μL of a 0.1 wt% 
MG–CR solution to 3 mL of aqueous solutions with various EA 
concentrations.

3. Results and Discussion

3.1. Chromatic behaviors of ion-pairing dye

Our design strategy involves an ion-pair formation of oppositely 
charged dyes to obtain a chemo-responsive dye (i.e., ion-pairing dye) 
with plural chromatic behaviors and wide visible spectrum. Fig. 1a 
schematically presents a facile procedure for the synthesis of ion-pairing 
dye (MG–CR). Malachite green (MG) and cresol red (CR) were selected 
as cationic and anionic dyes, respectively, based on their charges, col
orations, and ionic interactions. We mixed two aqueous solutions of the 
dyes and immediately obtained heterogeneous mixture with water- 
insoluble solid. The formation of this solid is attributed to an increase 
in hydrophobicity of an ion-pairing dye.[45,46] The resultant change in 
water solubility facilitates the precipitation of the ion-pairing dye (i.e., 
water-insoluble solid) in aqueous media. This also allows to the com
plete purification of the dye (MG–CR) without further processes, as 
confirmed by 1H NMR spectroscopy (Fig. S2, Supporting Information). 
1H NMR spectrum of MG–CR revealed that oppositely charged dyes were 
combined in a certain molar ratio to achieve charge neutrality, espe
cially MG:CR=1:1. To demonstrate chromatic behavior of MG–CR, we 
prepared and photographed the aqueous solutions containing MG–CR at 
various pH levels and EA concentrations (Fig. 1b). We observed a 

Fig. 1. Schematic illustration and chromatic behavior of ion-pairing dye. a Schematic of the synthetic procedure for ion-pairing dye through ion-pair formation 
between cationic and anionic dyes, MG and CR. b Color changes in the dye solutions across a range of pH levels (pH 1–13) and EA concentrations (0–12 vol%). c–d 
Corresponding CIE 1931 color spaces with chromaticity parameters denoted as x and y values, derived from their absorption spectra (Fig. S3, Supporting 
Information).
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variation in coloration across the pH range from 1 to 13; the dye solu
tions changed from orange to green in the pH range of 1–3 and to violet 
at pH>8. The color change was also observable across the entire range of 
EA concentrations; their coloration changed from green to yellow to 
violet with increasing EA concentrations. To clarify these changes, we 
acquired the absorption spectra of the dye solutions and then converted 
them into the x and y values defined by the International Commission of 
Illumination (CIE) 1931 color space (Fig. S3, Table S4, Supporting In
formation).[47] The dye solutions showed entirely different x and y 

values with changes in pH levels and EA concentrations. As listed in 
Table S4, the x value increased up to 3 vol% of EA, and then decreased 
with higher EA concentrations. However, no clear pattern was observed 
for pH levels. On the other hand, the highest y values were observed at 
pH 2 and 2 vol% EA, followed by a gradual decrease in y values with 
increasing pH levels and EA concentrations. These shifts in x and y 
values yielded the S-shaped and reverse C-shaped curves spanning a 
broad CIE color space, respectively (Fig. 1c and 1d). Therefore, MG–CR 
clearly shows distinctive colorimetric responses to not only pH levels but 

Fig. 2. Detection of carbonyl groups by colorimetric sensors with ion-pairing dye. a Suggested mechanism of chemical and optical changes in the colorimetric sensor 
in response to different carbonyl groups. b Color changes (left) and differential color maps (right; RGB range of 0–62 expanded to 0–255) of the sensors with a series 
of EA concentrations upon exposure to saturated vapors after 20 min. c–e Corresponding RGB differential profiles for acetone, acetic acid, and formaldehyde, 
respectively. f Response plots of EDs resulting from the color changes in the sensors as a function of EA concentration.
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also amine concentrations, indicating that MG–CR has plural chromatic 
behaviors, “halochromism” and “solvatochromism.” Compared to pre
vious chemo-responsive dyes, the synthesis procedure for MG–CR is 
notably simple, requiring no specific condition control, such as pH, 
temperature, and catalyst. Additionally, MG–CR exhibits a range of 
colorations, including pink, light green, deep green, violet, and yellow.
[48–50].

3.2. Mechanism for colorimetric responses to carbonyl groups

Based on these chromisms, we fabricated a colorimetric sensor using 
MG–CR to identify carbonyl groups such as ketone, carboxylic acid, and 
aldehyde. Then, we selected acetone, acetic acid, and formaldehyde as 
representatives of the carbonyl groups, respectively. To distinguish 
these carbonyl groups, HAS and EA were incorporated within the 
colorimetric sensors. As shown in Fig. 2a, HAS reacts with acetone and 
formaldehyde, producing acetoxime and formaloxime, respectively. 
However, acetic acid does not react with HAS.[51,52] Similarly, EA 
exhibits selective reactions with acetone, acetic acid, and formaldehyde.

[53] These reactions can generate different products depending on such 
carbonyl groups, leading to various chemical environments of colori
metric sensors. The plural chromatic behaviors of MG–CR enabled visual 
identification of these variations. As a result, our sensors showed distinct 
colorimetric responses (left) and differential color maps (right) upon 
exposure to carbonyl groups, as shown in Fig. 2b (for the full color 
changes, see Fig. S4–S6, Supporting Information). Moreover, their RGB 
differential profiles and Euclidean distances (EDs, defined as the square 
root of the sum of different RGB values) plots provided a quantification 
of these color changes and enabled complete discrimination of the 
carbonyl groups (Fig. 2c–f and Table S5).[54,55] For acetone, color 
changes were observed within an EA concentration range of 0–3 vol%. 
However, Variation in chemical environments caused by HAS-acetone 
reaction is negligible at higher EA concentrations, resulting from the 
limited amount of HAS in the sensors. Thus, no color changes were 
observed at concentrations above 4 vol% of EA, regardless of exposure to 
acetone. On the other hand, as EA reacts with both carboxylic acid and 
aldehyde, the sensors exhibited significant color changes upon exposure 
to acetic acid and formaldehyde even at entire EA concentrations. The 

Fig. 3. Spectroscopic and selectivity analyses of colorimetric sensors based on suggested mechanism. a–c 1H NMR spectra (top row) and their enlarged spectra 
(bottom row) of HAS+EA solution (in deuterium oxide, H2O-d2) with various amounts of acetone, acetic acid, and formaldehyde, respectively (inset numbers within 
spectra = peak areas). d Color changes (left) of our sensors upon exposure to a series of gases at 20 ppm and corresponding 2D contour plots (right) by color mapping 
to EDs on a 2D format.
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color changes were visually similar within an EA concentration range of 
3–12 vol% for acetic acid and formaldehyde, but their RGB values and 
EDs were significantly different from each other. In addition, their color 
change rates varied significantly depending on EA concentrations, as 
shown in Fig. S5 and S6 (Supporting Information); higher EA concen
trations resulted in lower rates of color change. On the basis of suggested 
mechanism, these results demonstrate that our sensors uniquely interact 
with individual carbonyl groups, and EA concentration is a major factor 
affecting the colorimetric response of our sensors. Therefore, the visual 
distinctions of carbonyl groups can be achieved using the ion-pairing 
dye (i.e., MG–CR) that exhibits plural chromatic behaviors.

3.3. Selectivity and sensitivity of colorimetric sensors

The spectroscopic analysis was also in a good agreement with our 
mechanism, indicating that HAS and EA differently react with carbonyl 
groups and then generate different products. Fig. 3a–c shows the 1H 
NMR spectra of a mixed aqueous solution containing HAS and EA with 
various amounts of acetone, acetic acid, and formaldehyde; their 
amounts gradually increased in the order of I, II, and III, as listed in 
Table S3. As shown in Fig. 3a, methyl groups (–CH3) in acetoxime 
appeared at 1.80 ppm and this peak area was proportional to acetone 
amount. Then, we observed a single chemical shift of acetone’s methyl 
groups at 2.13 ppm only in Acetone III, resulting from acetone 
remaining after reacting with HAS. On the other hand, as depicted in 
Fig. 3b, the peak transitioned from 1.82 to 1.91 ppm with increasing 
amount of acetic acid. This result clearly indicates the gradual increase 
of acetate ions (i.e., conjugate base of acetic acid) produced from acid- 
base reaction of acetic acid and EA.[56] Fig. 3c shows two individual 
peaks of 6.51 and 7.01 ppm for imine groups (–N=CH2) in formaldoxime 
and N-methylethanol imine, consistent with suggested mechanism in 
Fig. 2a. These chemical reactions were specific to carbonyl groups such 
as ketone, carboxylic acid, and aldehyde. As a result, our sensors exhibit 
a selective response to acetone, acetic acid, and formaldehyde. Fig. 3d 
displays color changes (left) and 2D contour plots (right) of the sensors 
upon exposure to a series of gases. Indeed, color changes were observed 
specifically for the carbonyl groups, but not for other functional groups, 
indicating the sensors’ selectivity towards detecting carbonyl- 
containing compounds. In addition, the EDs for carbonyl groups were 
larger than those for other functional groups, facilitating the identifi
cation of whether the target analyte is a carbonyl group or not, as 
confirmed by their 2D contour plots (Table S6–S8, Supporting Infor
mation). Moreover, we could adjust the sensors’ sensitivity to these 
carbonyl groups in the same mechanism. When exposed to carbonyl 
groups at levels ranging from 0.5 to 20 ppm, our sensors showed distinct 
color changes depending on both the gas levels and EA concentrations 
(Fig. S7, Supporting Information). Therefore, the sensors exhibited 
different EDs at different gas levels, enabling quantitative estimation of 
the limit of detection (LOD). The LOD was defined as three times the 
standard deviation plus the mean of the blank control, as shown in 
Fig. S8–S10 (Supporting Information). The sensitivity increased with 
increasing EA concentration up to 3 vol%, but gradually decreased 
above 4 vol% (Table 1). These trends were consistent across all carbonyl 
groups such as acetone, acetic acid, and formaldehyde. The LOD, espe
cially for acetic acid, could fluctuate by as much as ~60 orders of 

magnitude. As a result, the colorimetric sensors based on suggested 
mechanism are successful in controlling not only selectivity but also 
sensitivity to the carbonyl groups.

3.4. Sensing array for discrimination between carbonyl groups

Due to these variations in colorimetric responses to gases, we were 
able to develop a sensing array composed of only three sensory ele
ments, capable of discriminating between carbonyl groups and their gas 
levels. As shown in Fig. 4a, our sensing array displayed the composite 
color-patterns at a series of gas levels (from 0.5 to 20 ppm), creating a 
unique fingerprint for individual carbonyl group. For example, the first 
element of the sensing array exhibited a green color after exposure to all 
carbonyl groups, indicating their presence in the surroundings. The 
coloration of the second element changed from violet to yellow for 
acetone, but to green for acetic acid and formaldehyde, thereby dis
tinguishing acetone from the other carbonyl groups. To differentiate 
between acetic acid and formaldehyde, we employed the third element 
with higher EA concentration than other elements. This element 
exhibited color changes upon exposure to acetic acid, which were 
distinct from those observed for formaldehyde, allowing for their dif
ferentiation. The EDs of our sensing array were also significantly 
different depending on the gas levels of acetone, acetic acid, and form
aldehyde, enabling discrimination of their gas levels (Fig. 4b–d). Based 
on their RGB values, we conducted a principal component analysis 
(PCA), representing a linear combination of the dataset obtained from 
five independent trials (Fig. 4e).[57] The PCA result necessitates at least 
five dimensions to capture more than 95 % of the total variance for an 
accurate classification (Fig. 4f). However, for simplicity and clarity, we 
only used the first two principal components (PC1 and PC2), which 
captured almost 80 % of the total variance, in creating the PCA score 
plot. As shown in Fig. 4e, all individual datasets were classified into 
distinct clusters for each carbonyl group and even showed a discernible 
tendency on a series of gas levels with good resolution. These results 
indicate that our sensing array, consisting of a single dye (MG–CR) with 
different EA concentrations, facilitates the identification of carbonyl 
groups through a highly simple color-pattern, serving as a unique 
fingerprint for each carbonyl group across a range of gas levels. 
Importantly, this identification could be achieved without the need for 
numerous dyes and additional devices.

3.5. Dye-loaded microfiber yarn for biomarker diagnosis

Furthermore, considering the carbonyl groups as biomarkers, we 
utilized our sensors for the potential diagnosis of a variety of diseases 
based on exhaled breath gas analysis. To demonstrate a feasibility of 
colorimetric sensors for the biomarker diagnosis, we fabricated a dye- 
loaded microfiber yarn through a customized electrospinning tech
nique (Fig. 5a and b). The polymer for fabrication of dye-loaded mi
crofiber yarn should possess the following features. First, the polymer 
should be completely dissolved in both water and alcohol. Second, 
precursor solution of polymer should be electrospun at lower voltage 
and shorter distance than in conventional electrospinning. Third, the 
polymeric fibers should have appropriate tension to maintain a yarn 
structure during our customized electrospinning process. For these 

Table 1 
Estimation of LOD for carbonyl groups with various EA concentrations.

EA conc. / vol% 0 1 2 3 4 5 6

LOD / ppm Acetone 1.178 0.099 0.024 0.019 0.022 0.061 0.069
Acetic acid 0.200 0.065 0.059 0.042 0.062 0.080 0.245
Formaldehyde 0.346 0.137 0.109 0.083 0.086 0.093 0.136

EA conc. / vol% 7 8 9 10 11 12
LOD / ppm Acetone 0.093 0.123 0.132 0.156 0.218 0.228

Acetic acid 0.290 0.407 0.875 1.054 1.884 2.506
Formaldehyde 0.221 0.450 0.516 0.616 0.766 1.250
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reasons, we chose PVA as the polymer to produce microfiber yarn 
through the electrospinning. The two feeding solutions were electrospun 
onto the rotary funnel collector, which in turn the electrospun micro
fibers were wound on the commercial core wire. The microfibers were 
continuously produced from the solutions and then removed by the core 
wire, resulting in the formation of a core-support wire/shell-microfiber 
bundle of yarn structure. In this procedure, we observed a stable mi
crofiber cone when the production and removal rates of microfibers are 
exactly equal (Fig. 5b). As shown in Fig. 5d–g, the scanning electron 
microscopy (SEM) images show that the core wire consists of microfibers 
with average diameters of approximately 9.82 and 15.3 μm. However, 
the prepared yarn was uniformly covered with thinner microfibers (1.29 
μm of diameter), which allow gas molecules to easily permeate the 
porous matrix, leading to good sensitivity and short response time to 
target analytes.[58,59] A simulated breath test with a biomarker was 
systematically performed by the experimental setup, in which we 
collected real exhaled breaths from 15 individual healthy subjects 

labeled with the letters “A” to “O” (Fig. 5c). The breath samples were 
extracted from Tedlar bags using a diaphragm pump and subsequently 
mixed with 10 ppm of acetone gas to generate a gas mixture that sim
ulates the exhaled breath of a human in a ketosis state, where fat is used 
for energy instead of glucose.[60,61] When exposed to the simulated 
breaths, the microfiber yarn exhibited distinct color change from light- 
yellow to green (Fig. 5h). Furthermore, we compared the colorimetric 
responses to two different breath samples; one containing acetone gas, 
and the other without acetone gas. As shown in Fig. 5i, although there is 
a slight variation in EDs depending on the subjects, we clearly observed 
the differences between EDs upon exposure to the two different breath 
samples. Specifically, the EDs ranged from 68.75 to 87.5 when exposed 
to the breath samples with acetone gas. In contrast, upon exposure to the 
breath samples without acetone gas, the EDs fell within a much lower 
range (from 0 to 10). Similarly, their corresponding RGB color spaces 
show a distinct grouping with sufficient separability between the two 
different breath samples (Fig. 5j). Therefore, this system can detect the 

Fig. 4. Discrimination between carbonyl groups of various levels by sensing array consisting of ion-pairing dye. a Color-patterns (top row) and differential color 
maps (bottom row; RGB range of 0–46 expanded to 0–255) of the sensing array upon exposure to carbonyl groups at a series of gas levels for 1 h (for details, Table S1, 
Supporting Information). b–d Response plots of EDs resulting from the color changes in three sensory elements of the sensing array as a function of gas levels for 
acetone, acetic acid, and formaldehyde, respectively. e PCA score plots using the first two principal components for carbonyl groups and their gas levels in five 
independent trials. f Cumulative PCA screen plot from the RGB values of all three sensory elements.
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presence of acetone gas in the exhaled breaths and confirm whether an 
individual is in the optimal ketosis state or not. This result visually 
communicates important information for diagnosing biomarkers (e.g., 
ketosis) and monitoring healthy metabolism.

4. Conclusions

In this study, we demonstrated that the ion-pair formation of oppo
sitely charged dyes is an effective method to obtain a chemo-responsive 
dye, specifically ion-pairing dye, exhibiting multiple chromatic behav
iors and a wide visible spectrum. Compared to previous work, our ion- 

Fig. 5. Development of dye-loaded microfiber yarn for biomarker diagnosis. a and b Schematic and photograph of the fabrication of microfiber yarn using 
customized electrospinning technique. c Experimental setup for the biomarker analysis in exhaled breath samples. d–g SEM images of the core wire and the prepared 
microfiber yarn, respectively (inset: fiber diameter distribution). h Color changes in the yarn before and after exposure to the simulated breath samples with acetone 
gas as biomarker for 10 min (subjects: A to O). i Response plots of EDs resulting from the color changes in the yarns as a function of subjects. j Corresponding RGB 
color space showing the two clusters separated by the presence and absence of acetone gas in the exhaled breath samples.
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pairing dye (MG–CR) was obtained from highly simple synthetic pro
cedure without controlling any condition. The dye also showed diverse 
color changes with varying pH levels and EA concentrations, indicating 
that MG–CR intrinsically has two chromatic behaviors, including both 
“halochromism” and “solvatochromism.” Based on these chromisms, we 
prepared colorimetric sensors composed of HAS and EA to identify 
carbonyl groups such as acetone, acetic acid, and formaldehyde. On the 
basis of our suggested mechanism, HAS and EA differently react with the 
carbonyl groups, generating different chemical environments. These 
variations could be visually identified by MG–CR owing to its hal
ochromism and solvatochromism. In addition, the colorimetric re
sponses to the carbonyl groups are easily adjusted by EA concentrations, 
in which theoretical detection limit, especially for acetic acid, could 
fluctuate by as much as ~60 orders of magnitude. Due to these unique 
features, our sensing array, consisting of only a single dye with varying 
EA concentrations, successfully differentiated between the carbonyl 
groups across a range of gas levels from 0.5 to 20 ppm. The composite 
color-patterns from the sensing array were highly simple and visually 
identifiable, eliminating the need for numerous dyes and additional 
devices. Moreover, we employed a customized electrospinning tech
nique to develop dye-loaded microfiber yarn for biomarker diagnosis. 
The microfiber yarn can detect the presence of acetone gas in the 
exhaled breaths and confirm whether an individual is burning fat for 
energy instead of glucose (i.e., ketosis state). Consequently, we propose 
a robust strategy to overcome the challenges commonly encountered 
with typical colorimetric sensors and expect that our findings will serve 
as an advanced technology for colorimetric sensor systems.
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