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Table 1. Values obtained from physicochemical tests

Parameter Unit National Standard Mean * Standard Deviation Minimum Median Maximum
Sugar before hydrolysis 9/100g Minimum 65 72.49+193 68.62 72.00 76.00
Sugar after hydrolysis g/100g - 76.08 £1.45 74.00 75.65 79.05
Sucrose g/100g Maximum 5 4.67 £3.87 2.00 3.88 20.30
HMF mg/kg Maximum 40 7.99 +£3.93 2.82 6.60 15.00
Moisture % Maximum 20 15.56 + 1.32 13.60 15.60 18.00
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Figure 1. Raman spectra recorded from honey samples in the range of 100 to 3500 cm™'. The left graph shows the raw spectra, and the right
graph shows the spectra preprocessed with the mean-centering method. This preprocessing helps simplify calibration models and reduce noise.
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Figure 2. Results of the cross-validation for the model predicting honey moisture content using Partial Least Squares (PLS) regression. Top row
(left and right): Plots for determining the number of latent variables by minimizing the prediction error, indicating that 4 latent variables are
optimal. Bottom row (left): Bar plot of outlier test based on relative F-test; Bottom row (right): Plot of predicted values versus actual values in
cross-validation with 4 latent variables.
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Figure 3. Results of the chemometrics model prediction for honey moisture content in the test set samples. Top row (left): Plot of predicted
values versus actual moisture values. Top row (right): Elliptical Joint Confidence Region (EJCR) plot to display the allowable range for the slope
and intercept of the predicted versus actual values plot. Bottom row (left): Display of the absolute prediction error for each sample based on
sample number. Bottom row (right): Display of the absolute prediction error relative to the predicted moisture values.
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Table 2. Parameters and results of chemometrics models based on Partial Least Squares (PLS) regression for predicting four physicochemical
properties of honey.

Physicochemical Property Number of Latent Variables RMSEP %REP
Sugar before hydrolysis 5 10.18 1.64
Sucrose 7 0.46 11.95
Moisture 6 24 25.8
HMFE 4 0.84 5.30
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Introduction:

According to the Codex Alimentarius, honey is a natural sweet substance produced by honey bees from plant nectar
or secretions, containing at least 60% reducing sugars (65% per Iranian national standard) and not more than 21%
moisture (20% per Iranian standard). Its composition varies based on botanical and geographical origins. Honey
consists mainly of sugars (glucose, fructose, sucrose, maltose), along with antioxidants, acids, proteins, minerals,
and enzymes. Traditional methods for quality assessment, such as melissopalynology and chromatographic
techniques, are time-consuming, costly, and destructive. This has led to the adoption of spectroscopic techniques
combined with chemometrics for rapid, non-destructive, and environmentally friendly honey authentication. Raman
spectroscopy, in particular, is advantageous due to its minimal interference from water and fluorescence. Recent
studies demonstrate the effectiveness of Raman spectroscopy with multivariate analysis (e.g., PCA, PLS, LDA) in
determining botanical origin, detecting adulteration, and predicting physicochemical properties like sugar content,
moisture, HMF, and antioxidant activity. For instance, research has achieved high accuracy (up to 99%) in botanical
classification and excellent predictive performance (R2 up to 0.99) for quantitative analysis. This study utilizes PLS
regression to develop a chemometrics model linking Raman spectra to four key honey properties: reducing sugars,
sucrose, moisture, and HMF. The aim is to provide a rapid, reliable tool for quality control of Iranian honey.

Materials and methods:

Approximately 51 honey samples from various regions of Iran were collected from the market following appropriate
sampling guidelines and were coded accordingly. Physicochemical tests were conducted in accordance with Iranian
National Standard No. 92, and Raman spectroscopy was performed for each sample. Machine learning (ML)
methods were developed to model the relationship between the Raman spectra and the physicochemical properties
of honey.

Results and discussion:

Following mean-centering preprocessing, the spectral data was correlated with laboratory-measured
physicochemical values. Four independent Partial Least Squares (PLS) regression models were developed. The data
was split into calibration and test sets using the Kennard-Stone algorithm, and the optimal number of latent variables
was determined via Leave-One-Out cross-validation. Model performance was evaluated using RMSEP, %REP, and
RMSECV. The results demonstrated excellent predictive accuracy for the models estimating reducing sugars (before
hydrolysis) and moisture, which achieved low relative errors of 1.64% and 3.50%, respectively. The sucrose model
performed acceptably with a relative error of 11.95%. In contrast, the HMF prediction model showed lower
accuracy, with a higher relative error of 25.8%.

Conclusions:

This research demonstrated that Raman spectroscopy combined with PLS regression is an effective, non-destructive
method for predicting key honey quality parameters. Models excelled at predicting reducing sugars (1.64% error)
and moisture (3.50% error), performed acceptably for sucrose (11.95% error), but were less accurate for HMF
(25.8% error) due to its low natural concentration. The technique offers a rapid, eco-friendly alternative to
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traditional lab methods, requiring minimal sample preparation. The validated models show strong potential for
large-scale quality control in Iran's honey industry, reducing costs and improving efficiency for distribution and
export. Future work should expand the sample database, explore deep learning integration, and develop portable
devices for broader supply chain application. This approach sets a valuable precedent for analyzing complex
agricultural products.

Keywords: Quality control, Physicochemical properties, Raman spectroscopy, Honey, Chemometrics model, PLS
regression



