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Abstract

:

Flower petals, as byproducts, provide significant health benefits and can be used in food production. In this study, the impact of the micronization process using a ball mill on the properties of micronized powders derived from wild rose petals of the rugosa variety (Rosa rugosa Thunb.) was examined. The micronized rose powders were subjected to an investigation regarding their particle size, color, molecular characterization (FTIR), electronic nose procedure and antioxidant potential. The study found that micronization considerably reduced d50 particle dimensions from 98.6 µm to 39.9 µm. An FTIR analysis revealed the presence of characteristic (2980, 1340, and 1225 cm−1) bands. The hydrolysable tannins are the most abundant polyphenolic chemicals in rose powders, followed by anthocyanins. Rose powders are an extremely valuable antioxidant raw material due to their high total phenol content (71.8 mg GAE/g), which increased by approximately 26% after micronization. The antioxidant activity, as determined by ABTS•+, DPPH• and FRAP, is likewise very high. The intensity of volatile chemicals decreased in powders after micronization.
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1. Introduction


Edible flowers have lately acquired popularity in the production of food due to their functional properties, such as adding color, texture, and expressiveness. They can also be a source of bioactive chemicals. The presence of bioactive chemicals in flowers has been studied and identified in the petals and infusions of calendula, dahlia, rose, and centaurea [1]. Cornflower petals have also been found in studies to be a good source of antioxidants [2,3]. So far, studies on edible flower petals such as rose, sunflower, and calendula flower petals have revealed that these flowers contain essential nutrients for a healthy diet [4].



Rose petals have been shown to be high in dietary phytochemicals such as flavonoids (anthocyanins and flavanols), carotenoids, and phenolic acids. The rose is an antioxidant, anti-inflammatory, anti-cancer, anti-aging, and anti-microbial agent due to these components [5]. Research conducted on the petals of rose varieties has demonstrated that they serve as a potent source of antioxidant compounds. The rose petals of the Lovely Red variety were identified to contain fifteen distinct phenolic compounds, such as quinic acid, catechin, galloyl hexose malic acid, myricetin 3,5-di-O-glucoside, bis-HHDP-hexose, galloyl-bis-HHD Phexose, quercetin-O-pentoside, quercetin-O-hexoside, ellagic acid, rutin, quercetin-Orhamnoside, quercetin-Ogalloylrhamnoside, kaempferol-Opentoside, kaempferol-O-hexosyldeoxyhexoside, kaempferol-Odeoxyhexoside. Furthermore, the presence of unknown ellagitannins was detected [6].



Rose petals, in addition to anthocyanins and flavonoids, include volatile chemicals [7,8]. Damask rose oils have been shown to contain twenty-five volatile constituents. β-Damascenone, a critical indicator of rose oil quality, was found in twenty-two different genotypes. Nonadecane (42.51%), β-citronellol (40.82%), n-heneicosane (34.69%), geraniol (27.76%), and n-tricosane (14.2%) were the most abundant components in damask rose oil [9]. Volatile concentrates obtained from rose water from Rosa damascena flowers contained volatile substances, which consisted mainly of 2-phenylethanol (69.7–81.6%), linalool (1.5–3.3%), citronellol (1.8–7.2%), nerol (0.2–4.2%) and geraniol (0.9–7.0%) [10]. The compounds found in the highest concentrations in rose petals (Rosa hybrida, cvs David Austin) were phenylethanol, citronellol, nerol, geraniol, and eugenol [11].



Due to the presence of numerous valuable compounds, rose petals ought to be utilized to a greater extent in the production of food and dietary supplements. Rose petals are currently utilized as a major ingredient or additive in the manufacture of jams [12], jellies, biscuits, salads, ice cream, juices, and wine [5]. Products made from rose petals typically include high levels of bioactive chemicals, including anthocyanins, polyphenols, and flavonoids [13], and can thus be used to create novel foods. Because rose petals are a seasonal product, they must be treated to provide a usable raw material [14]. Freeze-drying rose petals is an effective technique for preserving their antioxidant activity and color [15,16].



Following the freeze-drying process, plant materials are typically pulverized into a powder that can be used as a raw material in the creation of functional foods or dietary supplements [17,18]. Previous research has demonstrated that micronization, or the very fine grinding of various plant materials, greatly reduces particle size, which could increase the antioxidant activity of the powders obtained [19]. The effect of the micronization process on particle size and antioxidant activity varies depending on the type of material, and further research is required in this field. Furthermore, there have been no studies on wild rose petals, which is why this topic was examined. By employing FTIR spectroscopy (Fourier Transform Infrared Spectroscopy), it was also possible to examine the impact of the micronization process on changes in the inter-molecular and conformational properties of the obtained powdered end products.




2. Results and Discussion


2.1. Particle Size Characterization of Micronized Rose Flower Powders


The study showed that using a ball mill to make tiny particles changed the size of the powdered rose samples significantly, as expected (in our previous study [20], where the control sample was raspberry pomace, and due Table 1). During the measurements, the mean particle sizes in volume (D [4;3] [μm]) and mean particle sizes in surface (D [3;2] [μm]) were obtained. The particle sizes were also determined for 10% (D10), 50% (D50), and 90% (D90) of the total sample volume. At a micronization duration of 10 min, the changes in particle diameters were substantial. However, increasing the time had no meaningful impact, but it was statistically significant. The mean particle size (D [4;3]) was equal to 141 μm for the control sample (CR). This dimension was nearly twice as great to the difference in the morphological structure of the examined raw-material, rose petals came apart quite easily after freeze-drying. After 10 min (10MR) of micronization, this value dropped to 90.3 μm, and after 20 min of micronization (20MR), to 81.4 μm. More than 90% of the particles (d90) in the control sample (CR) were smaller than 312 μm. This parameter was 189.3 μm in the sample after 10 min of micronization and 168.7 μm after 20 min of micronization. For CR, the particle size for the 50% share (d50) was less than 98.6 μm, 45.9 μm for 10MR, and 39.9 μm for 20MR. When compared to our prior research on the micronization of raspberry pomace [20], the reduction in this size was enormous, but no such dramatic alterations were found in the case of rose petals. Perhaps they stuck together again after stroking such delicate tissues of rose petals.




2.2. Color Parameters of Micronized Rose Flower Powders


Powders made from rose petals vary greatly in almost all color characteristics (Table 2); only the h parameter, which determines the color angle, was consistent across all powders. The control sample had the highest brightness (L* = 49.9), and as the micronization period increased from 10 min (L* = 33.4) to 20 min (L* = 30.6), the powders darkened (Figure 1). This might be due to the greater packing of smaller particles, resulting in a darker color during the extension of the micronization process. The a* parameter, which determines the share of red color, increased between 21.9 and 28.9 as the micronization period increased from 0 to 20 min. In the event of negative values, the percentage of blue color indicated by the b* parameter grew as the micronization duration rose from 0 to 20 min, in the range of −7.34 to −10.2. Longer-micronized samples had higher color intensity, ranging from 23.1 to 30.7. In the measured range, the BI brownness index increased as the micronization time increased. For parameters L*, a*, b*, and C*, there was a bigger difference between the control sample and the sample micronized for 10 min than between the 10 min and 20 min samples.



When comparing the micronized samples to the control sample, the ΔE parameter was fairly high, averaging 17.1 for the sample micronized for 10 min, and 20.7 for the sample micronized for 20 min. This indicates that the color changes were noticeable to the naked eye. Previous research found that micronized samples of raspberry pomace differed marginally in color from control samples [20], while the color of micronized spinach stems and leaves varied significantly [21]. Wet micronization yielded the most significant results. Other tests found substantial color changes amongst ginger powders with varied particle sizes. According to the authors, color sensations are dependent on the interaction between light and the material surface, which is determined by particle size. The particle size of food powders is an important morphological element that influences the physicochemical qualities of the product [22].




2.3. Analysis of the Micronized Rose Petal Powders Using Infrared Spectroscopy-FTIR


In the next stage of the study, FTIR measurements of infrared spectra were performed to evaluate the quality and molecular properties of the micronized rose petals. Table 3 presents the characteristic bands observed in the recorded spectra, which were subsequently analyzed based on literature data and many years of combined experience of our research group, and assigned to corresponding vibrations of specific functional groups [23,24].



In Figure 1, the spectra were also normalized at the wavenumber ~3298 cm−1 to emphasize the observed effects and improve the legibility of the presentation.



In the detailed description of the bands present in the obtained FTIR spectra, one should first note the band with the maximum at ~3298 cm−1. It is a characteristic band corresponding to the vibrations of hydroxyl groups in the molecules of simple sugars as well as polysaccharides present in the analyzed samples [20,23]. Said groups are involved in the formation of hydrogen bonds between smaller molecules of polysaccharides, constituting the primary building blocks of the samples. Next, we can identify the sharp bands with the maxima at between 3000 and 2800 cm−1, which are characteristic of symmetric and asymmetric stretching vibrations in CH2 and CH3 groups [23]. In the case of samples subjected to micronization, we can observe a very characteristic fading of the band with the maximum at ~2974 cm−1, which provides an excellent spectroscopic marker of the treatment process employed in this case. Both in the 10MPR and 20MPR samples, the band faded immediately. As we proceed to the so-called fingerprint region, we can note the first key band with the maximum at ~1732 cm−1. It corresponds to vibrations characteristic of carbonyl groups [20,24], both free and hydrogen-bonded, present in the molecules of protein and fatty radicals [20]. The band with the maximum at ~1655 cm−1 and primarily 1609 cm−1 is the deformation vibration characteristic of the already mentioned hydroxyl groups. Here, we can already clearly note that the band’s intensity increases with the process of micronization.



The maximum at 1537 cm−1 is characteristic of stretching vibrations of C=C groups and, as we can see in Figure 2, its intensity increases noticeably for the 20 MPR sample [23,28]. The bands with the maxima at ~1440 and 1408 cm−1 are characteristic deformation vibrations of CH2 groups [29]. Another important region is found at ~1337 cm−1. It corresponds to the C-H deformation vibrations enhanced by O-H deformation vibrations. This region is particularly noteworthy, as with the process of micronization, the bands shift toward shorter wavenumbers relative to samples not subjected to the process. The micronization process may lead to the breakup of larger H-bonds, and vibrations of hydroxyl groups may enhance other regions of the bands. The vibrations of those groups occur in polysaccharide molecules (cellulose and hemicellulose) that constitute one of the primary ingredients of the samples. This means that the bands are also an excellent molecular marker of the relevant changes. The same can be said about the next band, with the maximum at approximately 1223 cm−1. It is characteristic of a range of vibrations, respectively: deformation-OH (in plane), deformation CH2, and deformation C-H [25], as well as stretching in the C-O-C system of cellulose and hemicellulose molecules present in the studied samples. This maximum is also an excellent molecular marker reflecting the process of micronization in a way that is clearly visible in the registered spectra. However, when interpreting the obtained spectra, it should be remembered that FTIR is not a quantitative method, and, in this particular case, peak changes should also be considered by comparing their intensity. The intensity comparison for I1223/I1609 reveals slight changes, e.g., for the CPR sample, it is ~1.11, while for the 10 MPR sample, it increases to 1.24. This confirms the already described changes in the number of structures between the control samples and samples subjected to micronization. Another region of intensive vibrations is a band with the maximum at approx. 1024, which corresponds to characteristic vibrations of ν(C-O) groups [23], primarily the C-O-C system present in polysaccharide molecules (cellulose, hemicellulose, and lignin) [25]. It is noteworthy that C-C vibrations are present in this region, but they overlap (i.e., interfere) with the mentioned C-O/C-O-C vibrations [26,27]. The intensity of these vibrations also increases with the micronization process employed [20].



Finally, in the region below 950 cm−1, it can be noticed that the band’s intensity increases with the time of micronization. It corresponds to one of the characteristic vibrations related to conformational changes in the analyzed material, on β-1,4-glycoside bonds in cellulose molecules and α-1,6-glycoside bonds. This can be associated with changes in the bonds between single mers in larger polysaccharide chains of the analyzed structures [20,24].



To briefly recapitulate the results obtained with the use of FTIR spectroscopy, it could be noted that both the relative changes in the intensity of most bands and clear shifts or fading of some bands are evidence of the significant impact of micronization on the molecular structure of the analyzed samples. It is apparent that the process leads to cleavage of intramolecular hydrogen bonds in the structure of polysaccharides (cellulose, hemicellulose), which results in a significant increase in the presence of amorphous structures [20]. This becomes more apparent depending on the intensity of the micronization process (in terms of its duration). However, the process of micronization also revealed 4 fairly clear marker bands with the maxima at, respectively, approx. 3298, 2974, 1337, and 1223 cm−1. In particular, the comparison of band intensities, e.g., I1223/I1609, demonstrated that FTIR spectroscopy allows one to viably track even slight changes occurring in samples of this type. A comparison of intensity ratios in other regions also yielded similar results; however, a more detailed investigation into this problem is required. As follows from the literature, sample micronization usually leads to the breakup of amorphous regions on an ordered surface of a crystalline substance [20]. As such, the rigid and ordered polysaccharide structure is torn apart and destroyed during grinding. In turn, the noticeable slight change in the bands’ shape also results from the cleavage of hydrogen bonds in the polymeric chain of the sample’s primary building, i.e., its primary stabilizer via hydrogen bonds. It should also be mentioned that the employed process of micronization did not affect the positions of the primary functional groups of the polymer system, which means that the process did not negatively affect the samples’ quality.




2.4. Sugar Contents in Micronized Rose Flower Powders


There was a significant increase in the content of simple sugars in rose flower powders after using the powder micronization process (Table 4). The samples were not significantly different when micronized for 10 and 20 min. The chromatogram and sugar concentration in micronized rose flower powders are shown in Figure 3. The fructose content increased by about 28%, and the glucose content increased by about 17%. No significant changes in the amount of sucrose were observed.



The content of fructose and glucose increased significantly under the influence of micronization, as shown in our previous studies on raspberry pomace powders. These studies revealed that there was a probable break in the intramolecular hydrogen bonds of polysaccharides, which resulted in an increase in the share of simple saccharides in the mixture [20]. Other authors suggest that changes in the content of simple sugars could be caused by the destruction of cell membranes during intensive grinding of particles in a ball mill [30]. It is possible that the reduction in particle size resulted in an increase in the extraction of these compounds. Research conducted on soy fibers has demonstrated that, as a result of micronization, the number of polysaccharides is reduced [31].




2.5. Identification of Phenolic Compounds in Micronized Rose Flower Powders


The list of the identified compounds is given in Table 5. Rose petals contain a range of ellagic acid derivatives as well as anthocyanidin compounds.



Peaks 1, 3, 5, 6 and 7 can be attributed to bis-HHDP (hexahydroxydiphenoyl)-hexose, galloyl-bis-HHDP-hexose isomers; peaks 2 and 4 to cyanidin 3,5-di-O-glucoside and peonidin 3,5-di-O-glusocide (Figure 4). The presence of gallic acid derivatives, as well as anthocyanins in flowers, was also reported in Rosa rugosa petals [32] and in Rosa damascena [33]. Cendrowski et al. [32] observed the presence of sanguine H-2 (m/z 1103), unknown ellagitannins with molecular ions 860, 937, 1105 and isomer of galloyl-bis-HHDP glucose (m/z 935), as well derivatives of cyanidin and peonidin. Among those compounds, cyanidin 3,5-di-O-glucoside and peonidin 3,5-di-O-glusocide were the dominant ones which is in accordance with our study. Mohsen et al. [33] showed that a range of ellagic acid derivatives is present in rose petals. Compounds characterized by molecular ions 633, 765, 783, 785, 787, 934, 935, etc. are present and were attributed to ellagic acid derivatives such as galloyl-HHDP-hexose, digalloyl-hexosyl-ellagic acid, bis-HHDP-hexose, di-O-galloyl-HHDP-hexose, tetra-O-galloyl-hexose, unknown ellagitannin as well as galloyl-bis-HHDP-hexose. Dias et al. [34] reported the presence of compounds with recorded molecular ions of 783 and 935. For those two compounds λmax were recorded as 276 and 278, respectively, which is similar to our findings. Dias et al. [33] also reported the presence of m/z 1567 (sanguiin h10) with λmax 278. Fragmentation of this compound revealed m/z 935. It might suggest that in the case of the samples assessed in this study, some of the compounds may also be, in fact, products of cleavage of the bigger structure, which was reported by Cendrowski et al. [32] (m/z 1103 > 935). Results presented in our study demonstrated that hydrolysable tannins are dominant polyphenolic compounds in rose petals, followed by anthocyanins.




2.6. Total Phenolics and Antioxidant Potential of Micronized Rose Flower Powders


Table 6 summarizes the total phenolic and antioxidant potential of micronized rose flower powders. The content of total phenolics in micronized rose flower powders increased significantly by approximately 26% after the micronization process. There were no significant differences between 10 and 20 min of micronization. In previous studies in which we examined raspberry pomace powders [20] there was also a significant but not as large of an increase (15%) in total phenolics. It should be noted that rose petal powders are a very valuable antioxidant raw material due to the very high content of total phenolics, i.e., 71.8 mg GAE/g (control sample); this value is 3.6 times higher than that found for raspberry pomace powders in previous studies. Micronized rose petals powders had a total phenolic content ranging from 90.5 to 93.3 mg GAE/g. The obtained values were over two times higher than in the case of rose petals tested by other authors [35]. In our studies, rose petals were freeze-dried, while infrared drying was used in others. According to the researchers [35], different drying processes and conditions can have a considerable impact on the amount of active chemicals in plant materials. In addition, other varieties of roses were tested. Other authors [6] noticed that freeze and hot air-drying methods had similar effects on the retention of total phenolics and antioxidant activity, as well as the color of different cultivars of rose petals, with freeze drying retaining more red color.



The test findings indicated that the rose petal powders had outstanding antioxidant activity. Other scientific research has demonstrated that rose flower petals are an important compound with excellent antioxidant capabilities and significant nutraceutical potential [36]. After micronization, the antioxidant potential assessed in our study by ABTS, DPPH, and FRAP increased significantly. There were no significant variations in ABTS micronization times between 10 min. and 20 min. Ten minutes of micronization increased the ABTS value by 30%. The remaining DPPH and FRAP indicators showed enhanced activity with increasing micronization time. However, the differences between the samples micronized for 10 and 20 min were not as significant as those between the control sample and the sample micronized for 10 min. When compared to the control sample, the DPPH index increased by 37% after 10 min of micronization and 42% after 20 min.



The FRAP index’s value increased by 22 and 34% after 10 and 20 min of micronization, respectively. Previous research [20] on raspberry pomace powders showed a considerable rise in ABTS (22%) and FRAP (20%) after only 10 min of micronization. Prolonging micronization had no meaningful effect on these indicators. The DDPH index evaluated for raspberry powders showed a small drop in value. Other methods of raspberry fruit micronization [37] involving fluidized bed jet milling similarly increased the antioxidant activity of the studied powders. In the case of grape pomace powders [38], a drop in antioxidant capacity was seen following superfine grinding, which the authors attribute to a large increase in temperature during this procedure. In our investigations, the micronization period was rather short, and there was no major temperature increase. Other investigations found that ultra-fine grinding under cryogenic conditions considerably improved wheat bran’s antioxidant activity [39]. Gong et al. [40] found that superfine grinding resulted in a considerable increase in the antioxidant activity of mushroom powders.




2.7. Electronic Nose Research Results


Six of the eight sensors installed responded to the presence of volatile organic compounds in the tested samples (Table 7). The highest value was obtained for the 2602 sensor for CR, and the lowest value for AMS-MLV-P2 for 20MR. Generally, CR samples have the highest intensity, and 20MR samples have the lowest intensity. The results show that micronization affects the emission of volatile organic compounds from the material that has been subjected to this process. The longer the micritization process, the greater the decrease in the intensity of volatile organic compound emission.



Evidence that the parameters of various types of processes to which materials are subjected influence changes in the intensity of volatile organic compound emissions. In this case, the responses of the electronic nose respond to the intensity of volatile substances of various samples, which is also confirmed by tests of other materials, for example, coffee [41], corn groats [42] and corn [43].




2.8. Principal Component Analysis (PCA)


The projection of the cases onto the PC1 and PC2 plane (Figure 5a,b) indicates that both main components differentiate the examined cases. The first principal component, PC1, explains 88.71% of the variability of the system and differentiates the absence of MR (positive PC1 values) and the presence of MR (negative PC1 values). In turn, the second principal component of PC2 describes the differences between 10MR (negative PC2 values) and 20MR (positive PC2 values) in 11.29%.



The PCA also showed a strong and positive correlation between: D [3;2], D [4;3], d10, d50, d90, L*, AMS-MLV-P2, and CR (Figure 5a,b). A strong and positive correlation with sucrose, C* and 20MR was also demonstrated. In turn, between, D [3;2], D [4;3], d10, d50, d90, L*, AMS-MLV-P2, and sucrose, C*, a*, FRAP, ABTS, BI, total phenolic, DPPH, fructose, glucose showed a strong but negative correlation. Also, a strong and negative correlation was demonstrated between the responses of sensors 2600, 2602, 2610,2611,2620, h*, b* and the sucrose, C*, a*, FRAP parameters for 20MR. This means that micronization causes, among other things, a darker color of the micronized material and increases its sugar content.





3. Materials and Methods


3.1. Materials


Rose petals from the rugosa (Rosa rugosa Thunb.) came from the wild areas. After harvest, the rose petals were frozen at −30 °C and then freeze-dried (pressure 20 Pa time 72 h, Christ Alpha 2–4 LD plus device).




3.2. Micronization of Freeze-Dried Rose Flower Powders


The freeze-dried rose flower petals were first crushed for 5 s in a knife grinder, then micronized for 10 and 20 min in a ball mill at 600 rpm, using a Pulverisette 6 Fritsh (Idar-Oberstein, Germany) [20]. The bowl of the ball mill was filled with 15 steel balls. The micronization process was repeated three times with the same sample mass, 50 g. After micronization, the powders were brought to room temperature, weighed, vacuum packaged in 5 g, and stored until all measurements were completed. During the initial tests, the micronization time was determined, resulting in a significant variance in the particle sizes of the samples. Following micronization, the particle size and temperature were monitored simultaneously. It was found that 10 min of micronization greatly reduced particle size. Extending the micronization time to 10 min raised the raw material’s temperature to 38 °C, then 53 °C after 20 min. We did not want to induce significant degradation of the chemicals. Therefore, we completed the process after 20 min. Consequently, we obtained three distinct assortments of powdered rose petals: freeze-dried and pre-crushed on a knife grinder referred to as control rose petals (CR), micronized for a duration of 10 min (10MR), and micronized for a duration of 20 min (20MR).




3.3. Particle Size Analysis


The analysis of the particle size of the powdered rose petals was conducted on a laser analyzer Mastersizer 3000 (Worcestershire, UK) equipped with a dry dispersion attachment (Aero S), employing the previously outlined methodology [21].




3.4. Color Evaluations


The samples that were analyzed were measured using a 4Wave CR30–16 colorimeter (Tychy, Poland), using the CIE L* a* b* scale. On this scale, the brightness of the material was represented by the parameter L*, which ranged from 0 to 100. The color index a*, which varies from −150 to +100, represents the proportion of green with negative values and red with positive values. The color index b*, which spans from −150 to +150, represents the proportion of blue with negative values and yellow with positive values. C* (chroma) denotes color intensity, and h (angle) denotes color angle. Moreover, the determination of the color change (ΔE) and the browning index (BI) was performed in accordance with the principles of Subhashree et al. [44].




3.5. ATR-FTIR Spectra Measurements


An IRSprit spectrometer by Shimatzu (Tokyo, Japan) was used to measure the ATR-FTIR for the analyzed samples. A Zn Se crystal with adequate geometry (45°) was used as an ATR (Attenuated Total Reflection) attachment to multiply the internal reflections of the laser beam. Micronized samples of powdered rose petals were placed on the crystal. The spectrometer attachment considerably improved measurement precision by permitting exact control of the contact between the crystal and the sample, as well as facilitating pressure adjustment. The measurement entailed a total of 24 scans for each sample. The software was then used to automatically average the obtained spectra. Before and after each measurement, the crystal was thoroughly cleaned with ultrapure solvents. The solvents were purchased from Sigma-Aldrich, a company from Poznań, Poland. The scans were taken in the spectral range from 450 to 3600 cm−1, at the resolution of 2 cm−1. Additionally, each of the spectra was averaged with five prior measurements to avoid problems related to sample homogeneity. The measurements were conducted at room temperature. For better legibility, the spectra were also normalized at the maximum of the vibration corresponding to the hydroxy group. All measurements were conducted at the Molecular Biophysics Institute of the University of Life Sciences in Lublin. The spectra were processed and prepared for publication using Grams AI software (version 9.1) from ThermoGalactic Industries (San Jose, CA, USA).




3.6. Determination of Sugars


Sugars were extracted from raspberry seeds with hot 85% (v/v) methanol [30,45]. Individual sugars were determined using the HPLC method. Individual sugars were separated using an HPLC Shimadzu system (Shimadzu, Kyoto, Japan), which consisted of an SCL-10A controller, an LC-10AD pump, and a RID-10A detector. A portion of 20 µL of the extract was injected into a Luna Omega 3 µm SUGAR column (4.6 × 250 mm) (Phenomenex, Torrance, CA, USA). The flow rate of the mobile phase (acetonitrile–water, 25:75, v/v) was 1 mL/min. For calibration, the external standard method was used.




3.7. Determination of Total Phenolic Compounds


The determination of the total phenolic compounds present in the extract was conducted by utilizing Folin–Ciocalteou’s phenol reagent [46]. The final result was portrayed in the form of gallic acid equivalents per gram of rose petal powder.




3.8. Analyzing Phenolic Compounds Using HPLC-DAD


The analysis of polyphenolic compounds was conducted by employing RP-HPLC-DAD. Extracts were injected (1 µL) into the Shimadzu Nexera system (Shimadzu, Kyoto, Japan), which consisted of a degassing unit (DGV-20A 5R), two pumps (LC-30AD), an autosampler (SIL-30AC), a column oven, and a PDA detector (SPD-M30A) and a controlling unit (CBM-20A). The flow rate was set to 1 mL per mL. The separation process was conducted using a Kinetex machine from SHIM-POL, Warsaw, Poland, with a C18 2.6 m, 100 A, and a 75 × 3 mm diameter. The separation was monitored at wavelengths of 280 and 520 nm and was conducted under a binary gradient condition. Two types of eluents were used in the analysis, i.e., A and B. Eluent A included water: acetonitrile: trifluoroacetic acid in the proportions 95:5:0.1 (v/v/v), and eluent B included acetonitrile: trifluoroacetic acid in the proportions 100:0.1 (v/v). The gradient for eluent B was set as follows: 0–10 min: 0–18.8%; 10.5 min: 0%; 12 min: 0%. The peak areas of ellagic acid and cyaniding-3-glucoside were compared to those of prepared calibration curves for the two compounds. The results were given in milligrams of the standard for every gram of extract for every gram of D.W.




3.9. Identification of Phenolic Compounds


An Exigent microLC 200 system coupled with a TripleTOF 5600+ mass spectrometer was used to identify more of the compounds from rose petal powders. The electrospray ionization process was carried out in both positive and negative directions. The operating MS conditions were as follows: ion spray voltage of 4.5 kV, turbo spray temperature of 350 °C, flow rate of nebulizer gas (GS1) and curtain gas (GS2) of 30 L/min, declustering potential (DP) and collision energy (CE) for the full-scan MS of 90 or 90 V and 10 or 10 eV, respectively, and for MS2 (MS/MS) mode of 80 or 80 V and 30 or 30 eV. The TOF MS scan was performed at a mass range of 100–1250 m/z. An Exigent Halo C18 column (0.5 × 50 mm, 2.7 m; AB Sciex) was used to separate the compounds. The binary gradient that was employed comprised 0.1% (v/v) formic acid in water (eluent A) and 0.1% (v/v) formic acid in acetonitrile (eluent B). It was established from 5 to 90% B within 3 min, maintained to 3.8 min, and maintained to 5% within 4 min, ultimately achieving a duration of 5 min.




3.10. Antiradical Activity


The antiradical activity against ABTS•+ and DPPH• was determined using the methods described by Re et al. [47] and Amarowicz et al. [48,49]. The results were expressed as millimoles of Trolox equivalents (TE) per gram of powder. The method of Benzie and Strain [50] was used for the determination of ferric-reducing antioxidant power (FRAP). The results were expressed as mmol Fe2+ per gram of rose petal powder.




3.11. Photochemiluminescence Assay


A photochemiluminescence (PCL-ACL) method was used to evaluate the scavenging activity of rose petal powder samples, in which superoxide radical anions (O2•−) are generated from luminescence. The reactions were conducted by utilizing kits from Analytic Jena, located in Jena, Germany. The experiment was carried out on a Photochemical device with the help of PCLsoft 5.1 software (Analytic Jena).




3.12. Electronic Nose Procedure


Samples of each material with the same mass, 0.5 g, were used to test the emission of volatile substances. Each sample was placed in an Eppendorf tube. Three tubes for each type of material. The emission surface was the same for each sample. This made it possible to maintain constant test conditions for each sample. For each type of material, tests were performed in triplicate. The Agrinose device designed and constructed at the Institute of Agrophysics of the Polish Academy of Sciences in Lublin was used in the study. It has a matrix of eight MOS sensors. Table 8 presents the types and technical data of Agrinose sensors. Seven of them (TGS type) were produced by Figaro Engineering (Japan) and one by Ams (USA). A measurement cycle according to the sampling protocol consisted of a 10 s baseline purge, a 100 s sample draw-in, and a 100 s laboratory air purge. Analog signals were converted to digital signals by means of the software of Agrinose. Obtained sensorgrams were converted to the ∗.xls format and analyzed using the software Statistica (version 12.0, StatSoft Inc., Tulsa, OK, USA).




3.13. Statistical Analysis


In order to determine the accuracy of the measurements, means and deviations were calculated, and other statistical analyses were performed in Statistica 12.0 (StatSoft, Kraków, Poland). We used ANOVA and Tukey’s test to see if there were any differences (p < 0.05) between the means. The significance of differences (p < 0.05) between the means was noted with different letters. Principal component analysis was used to determine the relationships between the studied cases and parameters. Principal components analysis (PCA), analysis of variance and correlation determination were performed at the significance level of α = 0.05. The matrix of data used for the PCA statistical analysis of research results had 24 columns and 3 rows. The Cattel criterion was used to determine the number of principal components in the analysis in both cases, and the input matrix was automatically scaled. All measurements were performed in triplicate.





4. Conclusions


In summary, the findings of the experiments proved the feasibility of utilizing a ball mill for the micronization process, which involves the very fine grinding of freeze-dried wild rose petals. After 10 min of micronization, there was a considerable reduction in particle size from d50 = 98.6 μm to d50 = 45.9 μm; thereafter, these changes were less pronounced. Despite the fact that the color of the powders significantly darkened following the treatment, micronized wild rose petal particles exhibited good coloration (with a high share of red and blue components).



In turn, the spectroscopic FTIR analysis revealed the most visible spectral changes in the bands with the maxima at, respectively, ~3298, 2974, 1337,1223 cm−1, as well as a general increase in band intensity in the region below 1700 cm−1 corresponding to the increased intensity of the micronization process. Band shifts were also evidenced in the aforementioned ranges. The process of micronizing rose petal powders, particularly at higher mill speeds, most likely causes cleavage of intramolecular hydrogen bonds responsible for the stabilization of the primary structure of polysaccharide molecules. Consequently, micronization significantly increases the number of simple sugar molecules present in the system. This change is fairly clearly reflected by the change in the intensity of bands below 950 cm−1. It has been determined that rose petals and micronized powders contain a variety of ellagic acid derivatives as well as anthocyanidin chemicals. Among those chemicals, cyanidin 3,5-di-O-glucoside and peonidin 3,5-di-O-glusocide were the most prominent. Freeze-dried rose petals are a valuable raw material due to their high total phenolics concentration (71.8 mg GAE/g), and antioxidant activity measured by ABTS•+ (0.876 mmol TE/g), DPPH• (0.820 mmol TE/g) and FRAP (1.595 mmol Fe2+/g). The micronization process already at 10 min significantly increased total phenolics and antioxidant activity parameters (ABTS•+; DPPH•; FRAP) by 26%, 30%, 37% and 22%, respectively. Although the intensity of volatile substances decreases after micronization, odorlessness is often desired in food additives. Because of the properties listed above, particularly the antioxidant activity, micronized powders from wild rose petals are recommended as valuable functional additives to a variety of foods.







Author Contributions


Conceptualization, R.R. (Renata Różyło); methodology, R.R. (Renata Różyło) R.A., M.D. and A.M.; software, M.A.J., M.D., A.M. and M.G.; validation, R.A., K.R., A.M., R.R. (Robert Rusinek) and M.G.; formal analysis, R.A.; investigation, M.A.J., M.D., I.R., K.R., A.M., R.R. (Robert Rusinek). and M.G.; resources, R.R. (Renata Różyło), R.A., A.M.; data curation, R.A., M.A.J., R.R. (Robert Rusinek) and M.G.; writing—original draft preparation, R.R. (Renata Różyło), I.R., A.M. and M.G.; writing—review and editing, R.R. (Renata Różyło), R.A.; visualization, R.R. (Renata Różyło), M.A.J., I.R., K.R., A.M. and M.G.; supervision, R.A.; project administration, R.R. (Renata Różyło); funding acquisition, R.R. (Renata Różyło), R.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding authors.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Pires, T.C.S.P.; Dias, M.I.; Barros, L.; Ferreira, I.C.F.R. Nutritional and chemical characterization of edible petals and corresponding infusions: Valorization as new food ingredients. Food Chem. 2017, 220, 337–343. [Google Scholar] [CrossRef] [PubMed]

	



Różyło, R.; Szymańska-Chargot, M.; Gawlik-Dziki, U.; Dziki, D. Spectroscopic, mineral, and antioxidant characteristics of blue colored powders prepared from cornflower aqueous extracts. Food Chem. 2021, 346, e128889. [Google Scholar] [CrossRef] [PubMed]

	



Różyło, R.; Szymańska-Chargot, M.; Zdunek, A.; Gawlik-Dziki, U.; Dziki, D. Microencapsulated Red Powders from Cornflower Extract—Spectral (FT-IR and FT-Raman) and Antioxidant Characteristics. Molecules 2022, 27, 3094. [Google Scholar] [CrossRef] [PubMed]

	



De Lima Franzen, F.; De Oliveira, M.S.R.; Lidório, H.F.; Menegaes, J.F.; Fries, L.L.M. Chemical composition of rose, sunflower and calendula flower petals for human food use. Ciencia Tecnol. Agropec. 2019, 20, 159–168. [Google Scholar]

	



Hegde, A.S.; Gupta, S.; Sharma, S.; Srivatsan, V.; Kumari, P. Edible rose flowers: A doorway to gastronomic and nutraceutical research. Food Res. Int. 2022, 162, e111977. [Google Scholar] [CrossRef]

	



Baibuch, S.; Zema, P.; Bonifazi, E.; Cabrera, G.; Mondragón Portocarrero, A.D.C.; Campos, C.; Malec, L. Effect of the Drying Method and Optimization of Extraction on Antioxidant Activity and Phenolic of Rose Petals. Antioxidants 2023, 12, 681. [Google Scholar] [CrossRef]

	



Rusanov, K.E.; Kovacheva, N.M.; Atanassov, I.I. Comparative GC/MS analysis of rose flower and distilled oil volatiles of the oil bearing rose Rosa damascena. Biotechnol. Biotechnologic. Equip. 2011, 25, 2210–2216. [Google Scholar] [CrossRef]

	



Verma, R.S.; Padalia, R.C.; Chauhan, A.; Singh, A.; Yadav, A.K. Volatile constituents of essential oil and rose water of damask rose (Rosa damascena mill.) cultivars from north indian hills. Nat. Product Res. 2011, 25, 1577–1584. [Google Scholar] [CrossRef]

	



Omidi, M.; Khandan-Mirkohi, A.; Kafi, M.; Rasouli, O.; Shaghaghi, A.; Kiani, M.; Zamani, Z. Comparative study of phytochemical profiles and morphological properties of some Damask roses from Iran. Chem. Biol. Technol. Agricult. 2022, 9, 51. [Google Scholar] [CrossRef]

	



Agarwal, S.G.; Gupta, A.; Kapahi, B.K.; Thappa, B.R.K.; Suri, O.P. Chemical composition of rose water volatiles. J. Essent. Oil Res. 2005, 17, 265–267. [Google Scholar] [CrossRef]

	



Bianchi, G.; Nuzzi, M.; Leva, A.A.; Rizzolo, A. Development of a headspace-solid phase micro extraction method to monitor changes in volatile profile of rose (Rosa hybrida, cv David Austin) petals during processing. J. Chromat. A 2007, 1150, 190–197. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Yao, A.; Yao, J.; Zhou, J.; Zhang, J.; Wei, L.; Zhang, Z. Dynamic profiles of rose jam metabolomes reveal sugar-pickling impacts on their nutrient content. Food Biosci. 2022, 49, e101947. [Google Scholar] [CrossRef]

	



Xia, A.N.; Liu, L.X.; Tang, X.J.; Lei, S.M.; Meng, X.S.; Liu, Y.G. Dynamics of microbial communities, physicochemical factors and flavor in rose jam during fermentation. LWT-Food Sci. Technol. 2022, 155, e112920. [Google Scholar] [CrossRef]

	



Chanukya, B.S.; Rastogi, N.K. A Comparison of Thermal Processing, Freeze Drying and Forward Osmosis for the Downstream Processing of Anthocyanin from Rose Petals. J. Food Process. Preserv. 2016, 40, 1289–1296. [Google Scholar] [CrossRef]

	



Kim, S.; Kim, S.; Shim, I.; Hong, E.; Kim, S. Drying Operation Effects on the Pigments and Phytochemical Properties of Rose Cultivars. J. AOAC Int. 2021, 104, 1148–1154. [Google Scholar] [CrossRef]

	



Chen, W.; Gast, K.L.B.; Smithey, S. The effects of different freeze-drying processes on the moisture content, color, and physical strength of roses and carnations. Scientia Horticul. 2000, 84, 321–332. [Google Scholar] [CrossRef]

	



Taskin, O.; Izli, G.; Izli, N. Physicochemical and Morphological Properties of European Cranberrybush Powder Manufactured by Freeze Drying. Int. J. Fruit Sci. 2021, 21, 1008–1017. [Google Scholar] [CrossRef]

	



Fredes, C.; Becerra, C.; Parada, J.; Robert, P. The microencapsulation of maqui (Aristotelia chilensis (Mol.) Stuntz) juice by spray-drying and freeze-drying produces powders with similar anthocyanin stability and bioaccessibility. Molecules 2018, 23, 1227. [Google Scholar] [CrossRef]

	



Yu, Y.; Li, Z.; Cao, G.; Li, S.; Yang, H. Effects of ball milling micronization on amino acids profile and antioxidant activities of Polygonatum cyrtonema Hua tuber powder. J. Food Measur. Charact. 2019, 13, 2106–2113. [Google Scholar] [CrossRef]

	



Różyło, R.; Amarowicz, R.; Janiak, M.A.; Domin, M.; Gawłowski, S.; Kulig, R.; Matwijczuk, A. Micronized Powder of Raspberry Pomace as a Source of Bioactive Compounds. Molecules 2023, 28, 4871. [Google Scholar] [CrossRef]

	



Różyło, R.; Piekut, J.; Dziki, D.; Smolewska, M.; Gawłowski, S.; Wójtowicz, A.; Gawlik-Dziki, U. Effects of Wet and Dry Micronization on the GC-MS Identification of the Phenolic Compounds and Antioxidant Properties of Freeze-Dried Spinach Leaves and Stems. Molecules 2022, 27, 8174. [Google Scholar] [CrossRef] [PubMed]

	



Han, Q.; Peller, J.; Erasmus, S.W.; Elliott, C.T.; van Ruth, S.M. Interpreting the variation in particle size of ground spice by high-resolution visual and spectral imaging: A ginger case study. Food Res. Int. 2023, 170, e113023. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.; Ameer, K.; Jiang, G. Effects of superfine grinding on the physicochemical properties and antioxidant activities of Sanchi (Panax notoginseng) flower powders. J. Food Sci. Technol. 2021, 58, 62–73. [Google Scholar] [CrossRef] [PubMed]

	



Ligarda-Samanez, C.A.; Choque-Quispe, D.; Moscoso-Moscoso, E.; Huamán-Carrión, M.L.; Ramos-Pacheco, B.S.; Peralta-Guevara, D.E.; Aroni-Huamán, J. Obtaining and Characterizing Andean Multi-Floral Propolis Nanoencapsulates in Polymeric Matrices. Foods 2022, 11, 3153. [Google Scholar] [CrossRef]

	



Das, C.; Chakraborty, S.; Acharya, K.; Bera, N.K.; Chattopadhyay, D.; Karmakar, A.; Chattopadhyay, S. FT-MIR supported Electrical Impedance Spectroscopy based study of sugar adulterated honeys from different floral origin. Talanta 2017, 171, 327–334. [Google Scholar] [CrossRef]

	



Streletskiy, O.A.; Zavidovskiy, I.A.; Nuriahmetov, I.F.; Nishchak, O.Y.; Pavlikov, A.V.; Savchenko, N.F. Resistive Gas Sensors Based on Porous Sp-Containing Films Obtained by Dehydrohalogenation of PVDC and PVDC-PVC Copolymer. C-J. Carbon Res. 2023, 9, 82. [Google Scholar] [CrossRef]

	



Ţucureanu, V.; Matei, A.; Avram, A.M. FTIR spectroscopy for carbon family study. Crit. Rev. Analyt. Chem. 2016, 46, 502–520. [Google Scholar] [CrossRef]

	



Waghmode, M.S.; Gunjal, A.B.; Nawani, N.N.; Patil, N.N. Management of Floral Waste by Conversion to Value-Added Products and Their Other Applications. Waste Biomass Valorizat. 2018, 9, 33–43. [Google Scholar] [CrossRef]

	



Chen, C.; Yu, J.; Zhang, C.; Ye, X.; Shen, A.H. Nature of Pigments in Orange and Purple Coloured Chinese Freshwater Cultured Pearls: Insights from Experimental Raman Spectroscopy and DFT Calculations. Minerals 2023, 13, 959. [Google Scholar] [CrossRef]

	



Dastangoo, S.; Hamed Mosavian, M.T.; Yeganehzad, S. Optimization of pulsed electric field conditions for sugar extraction from carrots. Food Sci. Nutr. 2020, 8, 2025–2034. [Google Scholar] [CrossRef]

	



Zhu, L.; Yu, B.; Chen, H.; Yu, J.; Yan, H.; Luo, Y.; He, J.; Huang, Z.; Zheng, P.; Mao, X.; et al. Comparisons of the micronization, steam explosion, and gamma irradiation treatment on chemical composition, structure, physicochemical properties, and in vitro digestibility of dietary fiber from soybean hulls. Food Chem. 2022, 366, e130618. [Google Scholar] [CrossRef] [PubMed]

	



Cendrowski, A.; Ścibisz, I.; Mitek, M.; Kieliszek, M.; Kolniak-Ostek, J. Profile of the Phenolic Compounds of Rosa rugosa Petals. J. Food Qual. 2017, e941347. [Google Scholar]

	



Mohsen, E.; Younis, I.Y.; Farag, M.A. Metabolites profiling of Egyptian Rosa damascena Mill. flowers as analyzed via ultra-high-performance liquid chromatography-mass spectrometry and solid-phase microextraction gas chromatography-mass spectrometry in relation to its anti-collagenase skin effect. Indust. Crop. Product. 2020, 155, e112818. [Google Scholar]

	



Dias, M.I.; Barros, L.; Morales, P.; Cámara, M.; Alves, M.J.; Oliveira, M.B.P.P.; Ferreira, I.C.F.R. Wild: Fragaria vesca L. fruits: A rich source of bioactive phytochemicals. Food Funct. 2016, 7, 4523–4532. [Google Scholar] [CrossRef] [PubMed]

	



Selvi, K.Ç.; Kabutey, A.; Gürdil, G.A.K.; Herak, D.; Kurhan, Ş.; Klouček, P. The effect of infrared drying on color, projected area, drying time, and total phenolic content of rose (Rose electron) petals. Plants 2020, 9, 236. [Google Scholar] [CrossRef]

	



Vun, V.F.; Poh, S.C.; Yim, H.S. Rose, a potential nutraceutical: An assessment of the total phenolic content and antioxidant activity. J. Pharm. Nutr. Sci. 2013, 3, 30–37. [Google Scholar] [CrossRef]

	



Sadowska, A.; Świderski, F.; Hallmann, E. Properties of raspberry powder obtained by a new method of fluidized-bed jet milling and drying compared to other drying methods. J. Sci. Food Agric. 2020, 100, 4303–4309. [Google Scholar] [CrossRef]

	



Sheng, K.; Qu, H.; Liu, C.; Yan, L.; You, J.; Shui, S.; Zheng, L. A comparative assess of high hydrostatic pressure and super-fine grinding on physicochemical and antioxidant properties of grape pomace. Int. J. Food Sci. Technol. 2017, 52, 2106–2114. [Google Scholar] [CrossRef]

	



Rosa, N.N.; Barron, C.; Gaiani, C.; Dufour, C.; Micard, V. Ultra-fine grinding increases the antioxidant capacity of wheat bran. J. Cereal Sci. 2013, 57, 84–90. [Google Scholar] [CrossRef]

	



Gong, P.; Huang, Z.; Guo, Y.; Wang, X.; Yue, S.; Yang, W.; Chen, L. The effect of superfine grinding on physicochemical properties of three kinds of mushroom powder. J. Food Sci. 2022, 87, 3528–3541. [Google Scholar] [CrossRef]

	



Rusinek, R.; Dobrzański, B., Jr.; Gawrysiak-Witulska, M.; Siger, A.; Żytek, A.; Karami, H.; Umar, A.; Lipa, T.; Gancarz, M. Effect of the roasting level on the content of bioactive and aromatic compounds in Arabica coffee beans. Int. Agroph. 2024, 38, 31–42. [Google Scholar] [CrossRef] [PubMed]

	



Rusinek, R.; Żytek, A.; Stasiak, M.; Wiącek, J.; Gancarz, M. Application of MOX Sensors to Determine the Emission of Volatile Compounds in Corn Groats as a Function of Vertical Pressure in the Silo and Moisture Content of the Bed. Sensors 2024, 24, 2187. [Google Scholar] [CrossRef] [PubMed]

	



Żytek, A.; Rusinek, R.; Oniszczuk, A.; Gancarz, M. Effect of the Consolidation Level on Organic Volatile Compound Emissions from Maize during Storage. Materialals 2023, 16, 3066. [Google Scholar] [CrossRef] [PubMed]

	



Subhashree, S.N.; Sunoj, S.; Xue, J.; Bora, G.C. Quantification of browning in apples using colour and textural features by image analysis. Food Qualit. Saf. 2017, 1, 221–226. [Google Scholar] [CrossRef]

	



Southgate, D.A.T. Determination of Food Carbohydrates, 2nd ed.; Elsevier Applied Science: Amsterdam, The Netherlands, 1991; Chapter 3. [Google Scholar]

	



Singleton, V.L.; Orthofer, R.; Lamuela-Raventós, R.M. Analysis of total phenols and other oxidation substrates and antioxidants by means of folin-ciocalteu reagent. Method. Enzymol. 1999, 299, 152–178. [Google Scholar]

	



Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef]

	



Amarowicz, R.; Pegg, R.B.; Rahimi-Moghaddam, P.; Barl, B.; Weil, J.A. Free-radical scavenging capacity and antioxidant activity of selected plant species from the Canadian airies. Food Chem. 2004, 84, 551–562. [Google Scholar] [CrossRef]

	



Amarowicz, R.; Troszyńska, A.; Baryłko-Pikielna, N.; Shahidi, F. Polyphenolics extracts from legume seeds: Correlations between total antioxidant activity, total phenolics content, tannins content and astringency. J. Food Lipid. 2004, 11, 278–286. [Google Scholar] [CrossRef]

	



Benzie, I.F.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Analyt. Biochem. 1996, 239, 70–76. [Google Scholar] [CrossRef]








[image: Molecules 29 04931 g001] 





Figure 1. Appearance of control and micronized rose flower powders: CR-control (without micronization) rose powder; 10MR-rose powder micronized for 10 min; 20MR-rose powder micronized for 20 min. 
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Figure 2. FTIR spectra for the analyzed samples of micronized rose flower powders recorded in the spectral range from 450 to 3600 cm−1. 
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Figure 3. HPLC chromatogram and sugar concentration in micronized rose flower powders. 
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Figure 4. UV and UV-VIS absorbance spectra of individual phenolic compounds and identification of the main phenolic compounds of rose petal powders by UHPLC-QTOFMS/MS; 1—Bis-HHDP-hexose isomer; 2—Cyanidin 3,5-di-O-glucoside; 3—Bis-HHDP-hexose isomer; 4—Peonidin 3,5-di-O-glucoside; 5—Galloyl-bis-HHDP-hexose isomer; 6—Galloyl-bis-HHDP-hexose isomer; 7—Galloyl-bis-HHDP-hexose isomer. HHDP-hexahydroxydiphenoyl. 
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Figure 5. Projection of variables parameters on the PC1 and PC2 loadings plot—(a), and projection of sample type on the PC1 and PC2 scores plot—(b). 
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Table 1. Particle size characteristics of micronized rose flower powders.
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	Name of Sample
	D [3;2] (µm)
	D [4;3] (µm)
	d10 (µm)
	d50 (µm)
	d90 (µm)





	CR
	65.1 ± 1.27 a
	141.0 ± 6.48 a
	31.7 ± 0.65 a
	98.6 ± 3.10 a
	312.0 ± 19.61a



	10MR
	19.1 ± 0.49 b
	90.3 ± 0.71 b
	12.8 ± 0.14 b
	45.9 ± 0.65 b
	189.3 ± 7.48 b



	20MR
	17.8 ± 1.00 b
	81.4 ± 4.37 c
	10.2 ± 0.21 c
	39.9 ± 0.32 c
	168.7 ± 10.61c







Values in the same column marked with different letter differ significantly (p < 0.05).













 





Table 2. Color parameters of micronized rose flower powders.
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	Kind of Sample
	L*
	a*
	b*
	C*
	h*
	ΔE
	BI





	CR
	49.9 ± 0.33 a
	21.9 ± 0.12 a
	−7.3 ± 0.02 a
	23.1 ± 0.08 a
	341.3 ± 0.04 a
	–
	15



	10MR
	33.4 ± 0.18 b
	26.1 ± 0.04 b
	−8.3 ± 0.13 b
	26.8 ± 0.05 b
	340.9 ± 0.72 a
	17.1
	25



	20MR
	30.6 ± 0.42 c
	28.9 ± 0.18 c
	−10.2 ± 0.34 c
	30.7 ± 0.26 c
	340.5 ± 0.50 a
	20.7
	26







a, b, c—Values in the same column marked with different letter differ significantly (p < 0.05).













 





Table 3. Maxima of the FTIR absorption bands and assignment of respective vibrations in the samples of micronized rose petals, corresponding to data in Figure 1; registered in the spectral range of 450–3600 cm−1 [20,23,25,26,27].
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FTIR

	
Type and Origin of Vibrations




	
Band Position [cm−1]






	
3298

	
(intra-)molecular hydrogen bonding and ν(O-H) in H2O and polysaccharide molecules




	
2974

2906

	
asymmetrical and symmetrical:

ν(C-H) in CH2 and CH3 groups




	
2873

2849




	
1732

	
ν(C=O)

free and hydrogen-bonded




	
1655

	
ν(C=C)

and δ(O-H) adsorbed H2O




	
1609




	
1537

	
ν (C=C)




	
1440

1408

	
δ (CH2) and δ (C-H)

significantly enhanced by δ (-OH in plane)




	
1367

1337

	
Δ(O-H), mainly from deformation C-H




	
1225

1193

	
δ(C-H) and asymmetrical bridge oxygen stretching -OH in-plane bending




	
1146

	
ν(C-O-C) and very strong stretching vibrations of C-O and vibrations in polysaccharide systems and stretching vibrations of C-C




	
1024 with band enhancements on both sides




	
914

871

812

	
β-linkage of cellulose/ring breathing

and asymmetrical out of phase stretching

-OH out-of-plane bending and CH2 rocking




	
762

594








s—symmetric, as—asymmetric, st—strong, w—weak, ν—stretching vibrations, δ—deformation vibrations.













 





Table 4. Sugar contents in micronized rose flower powders.
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	Sample
	Fructose

(mg/g)
	Glucose

(mg/g)
	Sucrose

(mg/g)





	CR

10MR

20MR
	132.9 ± 0.5 b

171.0 ± 3.2 a

168.2 ± 1.2 a
	77.9 ± 0.2 b

91.6 ± 1.7 a

88.7 ± 1.9 a
	5.97 ± 0.54 a

6.13 ± 0.24 a

6.74 ± 0.69 a







a, b, c—Values in the same row marked with different letter differ significantly (p < 0.05).













 





Table 5. Identification of the main phenolic compounds of rose petal powders by UHPLC-QTOFMS/MS.






Table 5. Identification of the main phenolic compounds of rose petal powders by UHPLC-QTOFMS/MS.





	Number
	Compound
	Ionization
	MS
	MS/MS





	1

2

3

4

5

6

7
	Bis-HHDP-hexose isomer

Cyanidin 3,5-di-O-glucoside

Bis-HHDP-hexose isomer

Peonidin 3,5-di-O-glucoside

Galloyl-bis-HHDP-hexose isomer

Galloyl-bis-HHDP-hexose isomer

Galloyl-bis-HHDP-hexose isomer
	[M-H]−

[M-H]+

[M-H]−

[M-H]+

[M-H]−

[M-H]−

[M-H]−
	783

611

783

625

935

935

935
	301

449, 287

301

463, 301

633, 301

633, 301

633, 301







HHDP-hexahydroxydiphenoyl.













 





Table 6. Total phenolics and antioxidant potential of micronized rose flower powders.






Table 6. Total phenolics and antioxidant potential of micronized rose flower powders.





	Antioxidant Potential
	CR
	10MR
	20MR





	Total phenolics (mg GAE/g)

ABTS (mmol TE/g)

DPPH (mmol TE/g)

FRAP (mmol Fe2+/g)
	71.8 ± 1.4 b

0.876 ± 0.004 b

0.820 ± 0.019 c

1.595 ± 0.013 c
	90.5 ± 1.7 a

1.139 ± 0.015 a

1.124 ± 0.023 b

1.938 ± 0.031 b
	93.3 ± 1.2 a

1.192 ± 0.019 a

1.168 ± 0.008 a

2.139 ± 0.024 a







a, b, c—Values in the same row marked with different letter differ significantly (p < 0.05).













 





Table 7. Results (with standard deviation ±) of measuring the intensity of the impact of volatile substances by Agrinose (ΔR/Rmax).






Table 7. Results (with standard deviation ±) of measuring the intensity of the impact of volatile substances by Agrinose (ΔR/Rmax).





	Sample
	2602
	AMS-MLV-P2
	2610
	2611
	2620
	2600





	CR
	3.40 ± 0.21a
	0.47 ± 0.12 a
	1.45 ± 0.09 a
	1.56 ± 0.28 a
	1.91 ± 0.29 a
	1.80 ± 0.26 a



	10MR
	2.41 ± 0.58 b
	0.29 ± 0.04 b
	1.42 ± 0.24 a
	1.51 ± 0.14 a
	1.69 ± 0.22 b
	1.59 ± 0.20 b



	20MR
	1.30 ± 0.41 c
	0.27 ± 0.06 c
	0.73 ± 0.22 b
	0.71 ± 0.21 b
	0.95 ± 0.25 c
	0.84 ± 0.21 c







a, b, c—Values in the same column marked with different letter differ significantly (p < 0.05).













 





Table 8. Technical data of Agrinose sensors.
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	Type
	Description
	Detecting Range (ppm)





	TGS2600–B00
	General air contaminants, hydrogen, and carbon monoxide
	1–3 (H2)



	TGS2610–C00
	LP gas, butane
	500–10,000



	TGS2602–B00
	Ammonia, Hydrogen sulfide (high sensitivity to VOC and odorous gasses)
	1–30 (EtOH)



	TGS2611–C00
	Natural gas, methane
	500–10,000



	TGS2603–B01
	Odors generated from spoiled foods
	1–10 (EtOH)



	TGS2612–D00
	Methane, propane, and butane
	1–25%LEL



	TGS2620–C00
	Solvent vapors, volatile vapors, alcohol
	50–5000



	AS–MLV–P2
	CO, butane, methane, ethanol, hydrogen. Specifically designed for volatile organic compounds (VOCs)
	10–10,000
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