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Abstract
Introduction: Color is a key organoleptic attribute that significantly influences consumers' acceptance and
preference for foods. However, synthetic colorants have been linked to various adverse effects, including toxicity,
allergic reactions, and behavioral and neurocognitive disturbances. Many commercially available fruit juices may
contain synthetic colorants, raising serious health concerns for consumers. Red fruit juices, such as cherry and
barberry juices, have garnered considerable consumer interest in recent years due to their vibrant color, rich
phytochemical content, and associated health benefits. However, these juices are highly susceptible to adulteration
with artificial colorants, especially when produced and distributed through retail channels. Consequently, there is an
increasing demand for rapid, efficient techniques with minimal sample preparation to detect and identify such
adulterations accurately. This study proposes utilizing spectral fingerprints generated by ion mobility spectrometry
(IMS) combined with multivariate data analysis as an accessible and efficient method for detecting the adulteration
of cherry and barberry juices with various synthetic colorants, including Allura Red, Ponceau 4R, and Carmoisine.
Material and Methods: The experimental conditions were optimized, including the injection port temperature
(170-230°C), drift tube temperature (140-200°C), ion shutter pulse width (40-100 ps), carrier gas flow rate (50—
150 mL/min), and drift gas flow rate (500-900 mL/min). Subsequently, pure and natural juices, along with synthetic
colorants, were diluted with water, analyzed using IMS, and a comprehensive data set was collected. Pure barberry
and cherry juices were adulterated with varying proportions (10%, 30%, and 50% w/w) of the specified synthetic

colorants. A total of 90 adulterated samples for each juice were analyzed using various multivariate data processing
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techniques, including principal component analysis (PCA) and partial least squares regression (PLSR). PLSR was
applied to the pretreated IMS spectra to develop predictive models for quantifying the contents of Allura Red,
Ponceau 4R, and Carmoisine in each juice. Following calibration, an independent data set (30% of the spectral data)
was used to evaluate the performance of the optimized PLSR models. The accuracy of these models was assessed
using the coefficient of multiple determination for calibration (R2C), cross-validation (R2CV), and testing (R?test).
Additionally, the root mean square error (RMSE) was calculated for the calibration set (RMSEC), cross-validation
set (RMSECYV), and test set (RMSEtest). The best PLSR model was identified based on the lowest RMSECV and
the highest R*CV values, indicating optimal predictive performance.

Results and discussion: The injection port temperature, drift tube temperature, ion shutter pulse width, carrier gas
flow rate, and drift gas flow rate were optimized and set at 260 °C (except 200 °C for colorants), 180 °C (except 200
°C for cherry juice), 60 ps, 200 mL/min, and 900 mL/min, respectively. Each juice and synthetic colorant exhibited
distinct ion mobility spectra, with the spectral fingerprints of the juices showing significant changes as the
adulteration ratio increased. Principal component analysis (PCA) demonstrated effective discrimination patterns,
enabling differentiation between the juices and between barberry juice and synthetic colorants. This discrimination
was both valid and reliable, as 91.15% of the total variance in the collected data was explained by the first three
principal components (PCs), with 77.67% attributed to the 1st PC, 9.17% to the 2nd PC, and 4.31% to the 3rd PC.
Additionally, distinctive characteristic ions were identified using the variable importance in projection (VIP > 1)
method, which were then used as discriminative features to develop the partial least squares regression (PLSR)
model for the adulterated juices. Furthermore, good results were obtained for predicting the adulteration ratio using
PLSR. The models developed to quantify the levels of the colorant Allura red in barberry juice demonstrated the
best performance, with the R’cy > 0.704 and the RMSEcy < 10.44%. Moreover, for the test set mixtures of juice and
synthetic colorants, the root mean square error (RMSE) ranged from 11.05% to 13.19%, and the coefficient of
multiple determination (R2R"2R2) values ranged from 0.548 to 0.793.

Conclusion: The IMS-CDI+ technology, combined with chemometric tools such as PCA and VIP-PLSR, proved to
be an effective approach for detecting various synthetic colorants in cherry and barberry fruit juices, as well as for
assessing quality and quantifying potential adulterations. As a result, it presents a robust and reliable alternative to
traditional methods for detecting adulteration in fruit juices, delivering results in just a few milliseconds with

minimal sample preparation.
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Table 1. Optimal injection conditions for the IMS-CDI device for each of the juices and synthetic colorant

Experimental conditions Cherry Juice Barberry juice Synthetic Colorants
Injection port temperature ("C) 260 260 200
Drift tube temperature (°C) 200 180 180
Drift gas flow (ml min™) 900 900 900
Carrier gas flow (ml min'") 200 200 200
Shutter pulse width (us) 60 60 60
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Fig 1. IMS-CDI+ spectra of pure cherry juice (a) and barberry juice (b) under the optimized conditions
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Fig 2. IMS-CDI+ spectra of pure Allura red (a), Carmoisine (b), and Ponceau 4R (c) under the optimized conditions
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Table 2. Root-mean-squared errors (RMSE) and coefficient of determination (R )in predicting the level of bio-adulterants during the calibration
and cross-validation phases of PLSR models based on IMS-CDI spectrometry.

Type of Latent Calibration Cross-validation Test set
adulteration variables RMSE R2 RMSE R2 RMSE R?
Barberry-Allura red 6 4.37 0.948 10.44 0.704 11.21 0.793
Barberry-Ponceau 4R 4 4.79 0.937 12.44 0.580 11.05 0.609
Cherry- Carmoisine 3 5.59 0.903 12.65 0.565 13.19 0.631
Cherry- Ponceau 4R 3 5.63 0.913 12.58 0.570 12.27 0.548
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Fig. 5. IMS-CDI spectra of cherry juice adulterated with synthetic colorants at 10-50% w/w. ratios: Allura red (a), Carmoisine (b), and Ponceau 4R (c).
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