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Abstract
Food quality control is essential in industry and daily life. In this work, we developed a novel colorimetric sensor array 
composed of several pH-sensitive dyes for monitoring meat freshness. A color change in the sensor array was seen after 
exposure to volatile organic compounds (VOCs), and the images were captured for precise quantification of the VOCs. In 
conjunction with pattern recognition, meat freshness at different storage periods was readily discerned, revealing that the 
as-fabricated colorimetric sensor array possessed excellent discrimination ability. The linear range for quantitative analysis 
of volatiles related to meat spoilage was from 5 ppm to 100 ppm, with a limit of detection at the ppb level (S/N = 3). Fur-
thermore, the testing results obtained by the sensor in assessing meat freshness were validated by a standard method for 
measuring the total volatile basic nitrogen (TVB-N). The sensing signals showed good agreement with the results obtained 
in TVB-N when measuring real food samples. The sensor also displayed good reproducibility (RSD < 5%) and long-term 
stability. The sensor was successfully used for on-site and real-time determination of volatiles emitted from rotting meat, 
demonstrating its potential application in monitoring the quality and safety of meat products.
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Introduction

With the rapid development of the social economy and the 
gradual improvement of living standards, consumers have 
developed a growing awareness of product quality in the 
food industry. Meats are rich in high-quality protein and 

lipids [1, 2], which are also favorable nutrient sources for 
microbes. Meat spoilage leads to the production of amines, 
organic acids, sulfides, and unpleasant off-flavors due to the 
growth of microorganisms [3], Meat spoilage not only causes 
deterioration in quality and diminishes nutritional value, but 
also may endanger the health of consumers. Therefore, the 
development of highly facile and reliable techniques for 
monitoring meat freshness during transportation, storage, 
and processing is of great importance.

Most of the currently employed analytical techniques for 
monitoring food quality, such as gas chromatography–mass 
spectrometry (GC-MS) [4, 5], Fourier transform infrared 
spectroscopy (FT-IR) [6, 7], Raman spectroscopy [8], and 
chemiluminescence [9, 10], require sophisticated instru-
mentation. Additionally, they often suffer from compli-
cated operation, high cost, time-consuming protocols, lack 
of portability, and the need for qualified personnel, which 
limits their application for real-time and on-site determina-
tion. To this end, rapid, cost-effective, operation-friendly, 
nondestructive, and even online detection of meat freshness 
is particularly important for the regulation of meat quality 
and safety.
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With the development of bionic technology, electronic 
tongue (E-tongue), electronic nose (E-nose), and other 
rapid detection methods have been developed for assessing 
meat freshness [11, 12]. Among them, E-nose has attracted 
much attention owing to its fast and noninvasive features. 
However, the traditional metal oxide E-nose is susceptible 
to interference from environmental conditions (e.g., tem-
perature, humidity) [13]. Besides, the weak binding force 
between the metal oxide and the characteristic gases of food 
spoilage (e.g., amines and mercaptan) results in poor sens-
ing response.

Colorimetric sensor arrays have recently emerged as a 
rapid and low-cost analytical tool for use in many fields, 
such as food safety [14–16], biomedical diagnostics [17, 18], 
environmental monitoring [13, 19], chemical studies, and 
explosives identification [20, 21]. The inspiration for the 
colorimetric sensor array was drawn from the mammalian 
olfactory system, which is able to accurately sense trillions 
of scents using hundreds of olfactory receptors [22–24]. 
Olfactory receptors specifically bind a range of scent mole-
cules. One odorant molecule can bind several receptors with 
varying affinities and activate several receptors, generating 
the odor fingerprint [16, 25, 26]. Correspondingly, when a 
colorimetric sensor array binds to an individual analyte, it 
creates various signals and provides a unique pattern for 
the identification of each analyte [13]. The construction 
of a colorimetric sensor array is based mainly on chemo-
responsive dyes and solid supports. The selection of solid 
supports and immobilization methods has a significant effect 
on the performance of the colorimetric sensor array. Polyvi-
nylidene difluoride (PVDF) membranes have been used as 
the solid support because of their homogeneous structure, 
low cost, and photochemical stability. For immobilization 
of colorimetric agents, sol–gel processing is characterized 
by uniform porosity, high surface area, large pore volume, 
and mechanical rigidity. Therefore, sol–gels are considered 
an excellent solid matrix to immobilize dyes. Colorimetric 
sensor arrays feature rapid visualization, high specificity, 
cost-effectiveness, simplicity, and portability. In terms of 
the assessment of food quality, the colorimetric sensor array 
has been employed to monitor solid food including rice [27, 
28], fish [29, 30], chicken [31], and pork [32], and liquid 
foods like Chinese liquors [33], vinegar [34], and milk [35].

In this work, a cross-responsive sensor array was prepared 
and used for real-time meat freshness detection, the design 
of which is mainly based on colorimetric reactions between 
the volatile compounds released from meat samples (e.g., 
biogenic amines, sulfides) and the selected dyes. The colori-
metric sensor array was prepared using a PVDF membrane 
as the flexible substrate, and the colorimetric dyes were 
first immobilized by sol–gels and then drop-coated on each 
sensing unit. The use of sol–gels in building a colorimetric 
array was attempted for the first time. The sensor array was 

used for the quantification of four representative volatiles 
in rotting meat. Data acquired from the sensor array were 
processed with hierarchical cluster analysis (HCA) and prin-
cipal component analysis (PCA). Total volatile basic nitro-
gen (TVB-N) as a traditional freshness indicator was also 
measured and compared with the sensing results. Finally, the 
fabricated array was employed to differentiate meat fresh-
ness at different storage intervals.

Experimental section

Experimental materials and reagents

Triethoxyoctylsilane (98%), 2-methoxyethanol (99%), pro-
pylene glycol 1-monomethyl ether 2-acetate (99%), tetraeth-
oxysilane, triethylamine (99%), dimethylamine (40 wt.%), 
trimethylamine (30%), cadaverine (98%) and all chemo-
responsive dyes were purchased from Titan Scientific Co., 
Ltd. (Shanghai, China). Other chemicals including  H3BO3 
and  K2CO3were supplied by Greagent Reagent Co., Ltd. 
(Shanghai, China). The PVDF membranes (0.45 μm) were 
acquired from Qiguanchao (Zhejiang, China). All chemicals 
were of analytical grade and the solutions were prepared 
with distilled water.

Preparation of the sensor array

The chemical dyes and the formulations used in each spot 
are listed in Table S1. The table color represents the initial 
color of the array after printing. The 5×5 colorimetric sensor 
array was artificially prepared on a square polyvinylidene 
fluoride (PVDF) film (side length: 30 mm). For each unit, 
the dye solution (200 nL) was transferred to the correspond-
ing site by drop-coating with a glass capillary. It is worth 
mentioning that, in order to control the distance between 
the sensor units, a glass mask with the expected array pat-
tern was designed and adopted (Fig. S1a and b). The glass 
mask was made by Guluo Glass Co., Ltd. (Luoyang, China) 
using a laser cutting technique. When preparing the sensor 
array, the PVDF film was placed under the glass mask. Once 
printed, the arrays were dried for 2 h at 25 °C and stored in 
 N2-filled aluminized Mylar bags before usage. The sensor 
arrays were aged for at least 3 days before use to maximally 
weaken baseline drifts. Figure S1b shows the array image 
taken with the scanner.

Meat sample preparation

Four types of raw meat, including fish, chicken (chicken 
breast fillet), beef (beef sirloin), and pork (pork tenderloin), 
were supplied by a local supermarket and tested during 
storage. Ten-gram meat samples were placed in a 200 mL 
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polypropylene plastic box with a lid. Meat samples were 
stored at room temperature (25 °C) or in a refrigerator (4 °C). 
To investigate the influence of the packaging environment on 
meat freshness, fish samples stored in 200 mL boxes filled 
with  N2 were tested at room temperature. During analysis 
of these real samples, a container made from polypropylene 
was adopted for placement of the sensor array (Fig. S2). The 
container was attached to the inner side of the box lid. It was 
designed with several holes (inset of Fig. S2a), allowing con-
tact between the volatile gases from samples and the sensor 
array. The testing procedure for meat samples is shown in 
Movie S1 of the Supporting Information.

Detection of amine gases

Detection of amine gases was performed in an 18.0 L cham-
ber at room temperature. The sensor array was placed in the 
gas sensor test system. The desired gas concentration was 
achieved by injecting a certain volume of each liquid analyte 
into the system. The resulting gas concentration (C) was 
calculated using the following formula,

where V (μL) is the liquid analyte volume, D (mg/L) is the 
liquid density, W is the mass fraction of the liquid, M (g/mol) 
is the molecular weight of the liquid analyte, and V0 (L) is 
the chamber volume.

TVB‑N analysis

The TVB-N level of meat samples was measured by the 
micro-diffusion method [16]. Details are as follows: The 
meat sample (10 g) and distilled water (100 mL) were 
homogenized by a homogenizer (Deerma, JS200, 40 W) 
for an interval of 5 min, and then the mixture was filtered 
through a 60 mesh filter to obtain a sample liquid. Then, 
3 mL boric acid solution (20 g/L) and 50 μL pH indicator 
(methyl red/bromocresol green = 1:5, V/V) were added to the 
inner part of the Conway dish. Saturated potassium carbon-
ate solution (3 mL) and sample solution (1 mL) were added 
to the outer chamber in sequence. The Conway dish was 
sealed and left at 37 °C for 2 h. Afterwards, the boric acid 
solution was titrated with 0.01 M hydrochloric acid (HCl) 
solution. The TVB-N value was determined by the amount 
of HCl consumed and expressed in units of mg/100 g.

Signal extraction and data analysis of colorimetric 
sensor array

For analysis of each meat sample, a flatbed scanner (Epson 
V370) was employed to capture the images of the array 

(1)C =
V × D ×W

M × V
0

× 22.4 × 10
−9

before and after analyte exposure. The images were then pro-
cessed with color measurement software written by Huhui 
Technology Co., Ltd. (Wuhan, China). The data analysis 
software is based on the same principle as the usual Photo-
shop and ImageJ, which can read out red, green, and blue 
(RGB) values of each colorimetric unit, and then calculate 
changes in the RGB color values of each element of the array 
by subtracting the averaged color intensity of each element 
before and after exposure to the analyte [36], as shown in 
Eqs. (2)–(4). Subtraction of the two images yielded a differ-
ence vector of 3N dimensions, where N is the total number 
of spots (25 [dyes] × 3 [color component difference] = 75 
dimensions). The Euclidean distance (ED) of RGB values 
for each sensing unit before and after exposure to the volatile 
organic compounds (VOCs) was calculated with Eq. (5). 
In order to clearly display the color change, the color dif-
ference range was set at 0–255. The data were analyzed by 
PCA and HCA.

Results and discussion

Sensor response to gas analytes

During meat storage, owing to the effects of tissue enzymes, 
external microorganisms, and other factors, changes in meat 
composition take place, resulting in the deterioration and 
rotting of the meat. The process accompanies the generation 
of short-chain alcohols, biological amines (e.g., ammonia 
and trimethylamine), sulfur-bearing volatile substances, etc. 
These volatile compounds can act as markers to indicate 
the freshness and spoilage stage of meat products. Here, we 
tested the responses of our colorimetric sensor array towards 
multiple freshness-related gases, including ammonia  (NH3), 
trimethylamine (TMA), dimethylamine (DMA), and cadav-
erine (CAD). Generally, the selection of chemo-responsive 
dyes is based on whether they contain an interaction center 
that can interact strongly with the analyte. Here, the col-
orimetric sensor array is composed of Brønsted acidic dyes 
(sulfonphthaleine in this work), Brønsted basic dyes (crystal 
violet and basic fuchsin), and Lewis acid dyes (porphyrins). 

(2)ΔR =
||
|
Rafter − Rbefore

||
|

(3)ΔG =
||
|
Gafter − Gbefore

||
|

(4)ΔB =
||
|
Bafter − Bbefore

||
|

(5)ED =

√
(ΔR)2 + (ΔG)2 + (ΔB)2
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For the sulfonphthaleine dyes, when exposed to VOCs, 
deprotonation leads to rearrangement of the internal bonds, 
further resulting in a larger conjugated structure and a free 
 SO3

− group (Fig. S3a). As for the Brønsted basic dyes, they 
can combine with the acidic substances (e.g.  H2S), leading 
to a change in color. In addition, it is well recognized that 
Lewis acid dyes show significant solvatochromic effects, 
resulting in distinguishable colorimetric differences before 
and after interactions with VOCs [37, 38].

A typical sensing response of the constructed colorimet-
ric sensor array after exposure to DMA is shown in Fig. S3b, 
and the corresponding color difference map is illustrated 
in Fig. S3c, which indicates that biogenic amine gas can 
react with the abovementioned dyes and generate different 
color changes. Figure S4 shows the response of the array to 
25 ppm DMA gas as a function of time, indicating that the 
response reaches equilibrium after 4 min. Thus, the response 
time was set at 4 min and used in the following colorimetric 
assays. The overall color difference maps after exposure to 
the above four gas analytes are presented in Fig. 1. Color 
changes are clearly observed for all amine gases at ppm con-
centration, and the patterns allow for easy differentiation 
even by the naked eye.

To evaluate the performance of the sensor array in dis-
criminating the amines, the collected sensing data were pro-
cessed by HCA and PCA, both of which are unsupervised 
exploratory data analyses [33, 39]. PCA is a data dimen-
sionality reduction technique that can reveal the scale of the 

chemical active space detected by the array, while HCA is 
normally used to evaluate the similarity/dissimilarity among 
data points and cluster them in multivariate vector space 
[14, 15, 40].

PCA was used to provide an estimation of the dimension-
ality of the colorimetric sensor array data, which is a meas-
ure of the dimensionality of a wide range of chemical prop-
erties space probed by the sensor array [41]. As shown in 
Fig. 2a, the three-dimensional (3D) score plot of PCA using 
the first three principal components (accounting for 71.9% 
of the total variance) shows that clusters of four volatiles are 
clearly separated. From the PCA scree plot (Fig. 2b), one 
can see that a total of 10 principal components (PCs) were 
still required to account for 90% of the total variance and 
16 PCs for 95%. This may be due to the high similarity in 
alkalinity and structure of the tested amine molecules. Also, 
it may be that some information in the original data was not 
considered by the first three principal components. Both of 
these could result in poor clustering results [37, 42].

HCA groups data using a distance metric and a clus-
tering criterion in multidimensional space. The main 
parameters we chose were the Euclidean distance and 
Ward's method. Ward’s method is used to define the link-
age between the clusters which is the minimum amount 
of the variance between the samples [42]. In this method, 
the nearest-neighbor points are paired into a single cluster, 
which is then paired with other nearest-neighbor points 
or clusters until all points and clusters are connected to 

Fig. 1  Sensor array responses of 
VOCs towards 5–100 ppm (a) 
 NH3, (b) DMA, (c) TMA and 
(d) CAD
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each other [37, 43]. The clustering results of HCA give a 
similar pattern, in agreement with the score plot of PCA 
based on the three PCs with no overlap among clusters. 
The resulting HCA dendrogram of the four VOCs at five 
concentrations is shown in Fig. 3. The generated cluster 
tree showed the four amine gases formed clear separate 
clusters between 5 ppm and 100 ppm. Overall, each sam-
ple is discriminable without confusion or error, except for 
one subgroup (DMA at 5 ppm). As seen in Fig. S5 and 
Table S2, the limits of detection (LOD) for  NH3, TMA, 
DMA, and CAD are below 20 ppb (S/N = 3).

Monitoring of meat freshness

Effective monitoring of food freshness is important to 
guarantee food safety. In this work, the constructed col-
orimetric sensor array was used to evaluate the freshness 
of four kinds of meat (fish, pork, chicken, and beef). It 
is worth mentioning that we designed a sensor container 
made from an inert material-polypropylene, aimed at 
avoiding direct contact between the meat and the sen-
sor. As we know, polypropylene is widely used for food 
packaging owing to its great stability and safety. Bio-
genic amines can permeate the array through the holes 
and induce color reactions. Figure 4 shows the color maps 
obtained from the array in monitoring the four kinds of 
meat stored at 25 °C for 72 h. An apparent color change 
can be observed during the monitoring processes (Movie 
S2, Supporting Information). Furthermore, to assess the 
applicability of our sensor under refrigeration conditions, 
we put the sensor array in fish and pork packages that were 
stored at 4 °C, and the results are displayed in Fig. S6. 

The response curves based on ED values versus storage 
time are illustrated in Fig. S7a. The increase in ED values 
is related to an increase in nitrogen compounds, which is 
attributed to the decomposition of proteins by microorgan-
isms. As shown in Fig. S7b, the ED values obtained at 25 
°C increased faster than those at 4 °C, as low temperature 
inhibits the growth and reproduction of microorganisms, 
thereby slowing the degradation and spoilage of protein 
in meat. Even at the refrigerated temperature (4 °C), how-
ever, the sensor array showed an increase in volatile con-
centration over time.

We further used PCA and HCA to illustrate the capa-
bility of the sensor to quantitatively assess meat freshness. 
As shown in Fig. 5a, the PCA score plot of the first two 
principal components (which only captures > 69.3% of the 
total variance) shows relatively good separation among the 
analytes, as indicated by circling obvious clusters (fresh, less 
fresh, and spoiled). The PCA scree plot (Fig. 5b) shows that 
the array required 11 and 20 dimensions to capture 90% and 
95% of the total variance, respectively. These results indicate 
that the prepared colorimetric sensor array could detect a 
wide range of physical/chemical activity and demonstrated 
the high recognition capability of the as-fabricated sensor 
array for different meat samples.

As shown in Fig. 6, the HCA dendrogram based on 
the ED values among the collected samples shows three 
distinct clusters. The first cluster (fresh) contains all meat 
samples stored for 0 h and 4 h, chicken and beef samples 
for 8 h, and the control. The second cluster (less fresh) 
consists of all meat samples with storage of 12 h or 24 
h, as well as fish and pork samples stored for 8 h. The 
last cluster (spoiled) is composed of most meat samples 

Fig. 2  a 3D PCA score plot based on the concentrations (5–100 ppm) of four VOCs. b Scree plot of the distribution of the total variance of each 
principal component
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with storage of 48 h and 72 h. All the meat samples are 
clearly clustered, except for one group containing beef 
stored for 72 h. The accurate clustering via HCA based on 

the data collected by the sensor further demonstrated the 
good identification capability of our proposed colorimetric 
sensor array for assessing food freshness.

Fig. 3  HCA dendrogram of four 
amine gases over the concentra-
tion range of 5–100 ppm

Fig. 4  Sensor array responses 
towards four kinds of meat 
including (a) fish, (b) pork, (c) 
chicken, and (d) beef at 25 °C 
during 72 h storage
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TVB‑N analysis

Over time, proteins in rotting meat can be microbially 
decomposed into amines (ammonia, dimethylamine, trimeth-
ylamine, etc.), also known as total volatile basic nitrogen 

(TVB-N). TVB-N is an important indicator used to evalu-
ate the freshness of protein-rich foods. Generally, meat can 
be divided into three types based on the level of TVB-N 
released from 100 g meat: ≤15 mg for fresh meat, 15–20 
mg for edible but less fresh meat, and ≥20 mg for meat that 

Fig. 5  a PCA score plot of the meat samples at 25 °C. b Scree plot of the distribution of the total variance of each principal component

Fig. 6  HCA dendrogram of 
the four types of meat stored at 
25 °C
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is inedible and spoiled [16, 44]. Figure 7 shows that the ED 
and TVB-N values of each sample increased during meat 
storage. According to the TVB-N values, the meat sam-
ples were classified into three grades (fresh, less fresh, and 
spoiled). We also integrated the colorimetric sensor array in 
a fish package that was stored under  N2 atmosphere, finding 
that the changes in both ED and TVB-N values were slower 
than those with air packaging (Fig. S8). This is attributed 
to the filling gas, nitrogen, which can hinder oxidative ran-
cidity and growth of some microbes. Figure S9 shows the 
correlation between the ED value obtained from the sensor 
array and TVB-N content of meat during storage at 25 °C, 
which are in good agreement. Thus, it is fair to conclude that 
the flexible sensor array can be used as a simple alternative 
method for TVB-N in assessing meat freshness.

Reproducibility and stability

Reproducibility was explored using three different 
batches of sensor arrays to measure meat products four 

times in succession. The results, shown in Fig. S10 and 
Table S3, reveal good repeatability, with relative stand-
ard deviations (RSD) below 5%, indicating that the pre-
pared sensor array affords excellent reproducibility. The 
stability of the sensing response of the fully flexible col-
orimetric sensor against mechanical bending was also 
investigated, using DMA as the analyte. As shown in 
Fig. 8, during the cycling/bending test, almost no change 
in Euclidean distance was exhibited when the sensor was 
bent at an angle up to 180°, and no obvious deviation 
in response can be found after 100 bending cycles were 
applied. The results indicated good flexibility and reli-
ability of the sensor (RSD = 3.2%). Additionally, the sen-
sor also shows good long-term stability. After 4 weeks, 
the response to 25 ppm TMA maintained more than 85% 
of the initial response (Fig. S11). Nevertheless, one can 
find that the response gradually declined during storage, 
which may be related to passivation of the reactive sites 
on the sensor array due to adsorption of moisture or other 
species in the environment.

Fig. 7  Euclidean distance value and TVB-N content of meat samples at 25 °C over storage time. All measurements were performed four times
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Conclusion

In conclusion, a novel, effective and nondestructive col-
orimetric sensor array was developed for the real-time and 
on-site assessment of meat product freshness. The sensor 
array resembles the mammalian olfactory system, which can 
sense volatiles released from rotting meat and form scent 
fingerprints. By extracting unique features, the sensor array 
can quickly identify four volatiles with detection limits 
down to the low ppb level. Moreover, the as-prepared col-
orimetric sensor array was applied to analyze meat samples, 
which further confirmed the practicability and reliability of 
the sensor. These results indicate that the colorimetric sen-
sor array has great potential for monitoring food freshness 
and is a promising candidate for use in meat transport, stor-
age, and consumption. It also serves as a useful alternative 
to other methods of food safety inspection.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00216- 022- 04176-3.
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