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ABSTRACT: 29 

Introduction – Hesperidin, a flavonoid known to have important pharmacological 30 

effects, accumulates particularly in the peels of satsuma mandarin (Citrus unshiu). 31 

Although histochemical studies have suggested that hesperidin forms crystals in some 32 

tissues of the Rutaceae and Umbelliferae, there has been no rigorous in situ detection or 33 

identification of hesperidin crystals in C. unshiu. 34 

Objective – To characterize the chemical component of the crystals found in C. unshiu 35 

peels using Raman microscopy. 36 

Methodology – Sections of C. unshiu peels were made. The distribution and 37 

morphology of hesperidin crystals in the sections were analyzed microscopically. 38 

Raman microscopy was used to detect hesperidin in the sections directly. 39 

Results – The crystals were more abundant in immature peel and were observed 40 

particularly in areas surrounding vascular bundles, around the border between the 41 

flavedo and albedo layers and just below the epidermal cells. In the morphological 42 

analysis by scanning electron microscopy (SEM), needle-shaped crystals aggregated 43 

and formed clusters of spherical crystals. Spectra obtained by Raman microscopy of the 44 

crystals in the peel sections were consistent with those of the hesperidin standard.  45 

Conclusions – This study showed the detailed distribution of crystals in C. unshiu peels 46 

and the crystals were detected in situ and identified the main component of them to be 47 

hesperidin using Raman microscopy for the first time. 48 
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 49 

Introduction 50 

Flavonoids are one of the major secondary metabolite classes with over 9000 different 51 

molecular forms distributed throughout the plant kingdom (Garg et al., 2001; Williams 52 

and Grayer, 2004; Agati et al., 2012). The medical and pharmacological 53 

benefits/bioactivities of flavonoids on animal cells have been well documented. The 54 

beneficial effects of dietary flavonoids on cancer, cardiovascular diseases and 55 

neurodegenerative disorders have attracted much interests in recent years, and the 56 

anti-oxidant and anti-inflammatory activities of flavonoids have also been investigated 57 

(Williams and Grayer, 2004; García-Mediavilla et al., 2007). Meanwhile, roles which 58 

flavonoids play in plants have also been focused and studied. For example, flavonoid 59 

pigments may serve as pollinator attractants or as signaling molecules functioning in 60 

plant-plant and plant-microorganism interactions. The anti-oxidant and UV-protective 61 

properties of flavonoids are also well-known, and a role as energy escape valves against 62 

excessive lightning has been suggested recently (Hernández and Breusegem, 2010; 63 

Agati et al., 2012). 64 

Hesperidin, a type of bioflavonoid, is the predominant flavanone that accumulates 65 

in plants of the Rutaceae and Umbelliferae, particularly in several Citrus peels. In the 66 

peels of satsuma mandarin (Citrus unshiu), for example, hesperidin is the most 67 

accumulated flavonoid followed by narirutin, a hesperidin derivative (Nogata et al., 68 

2006). Much attention has been directed to the pharmacological effects of hesperidin 69 

including anti-carcinogenic, anti-inflammatory and analgesic activities (Garg et al., 70 

2001). Recently, glucosyl hesperidin, a water-soluble form of bioflavonoid, was 71 

synthesized and used as a potential drug carrier (Tozuka et al., 2011). Although these 72 
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numerous effects of hesperidin on animal cells have been studied, the biological 73 

activities of hesperidin in plant cells have not been thoroughly investigated. 74 

In several micromorphological studies, various crystals have been found in 75 

angiosperms and these crystals generally consist of calcium oxalate and sometimes 76 

other calcium salts like calcium citrate in Mesembryanthemum, calcium tartrate in the 77 

leaves of Vitis, calcium malate in Fraxinus excelsior and calcium phosphate in 78 

Ceropegia, Stapelia and Basella (Metcalfe and Chalk, 1983). Meanwhile, organic 79 

crystals occur infrequently and are present in specific plant families. For example, inulin 80 

is present in the Asteraceae, berberin in the Berberidaceae and lapachol in the 81 

Verbenaceae (Metcalfe and Chalk, 1983). Reports of crystalline flavonoids in plants are 82 

more infrequent. Of the wide variety of flavonoids, hesperidin and diosmin crystals 83 

were observed in rock samphire (Crithmum maritimum), Citrus limon and Barosma 84 

betulina (Cornara et al. 2009) and quercetin crystals were found in Astrophytum 85 

(Iwashina et al. 1988). Investigations of these flavonoid crystals were performed by 86 

elemental analysis using energy dispersive X-ray spectroscopy, component analysis of 87 

the extracts using high performance liquid chromatography (HPLC) (Cornara et al., 88 

2009) and UV spectral analysis (Iwashina et al., 1988), nevertheless the in situ detection 89 

and identification of flavonoid crystals have not been accomplished yet.  90 

Raman microscopy has been successfully used to analyze in situ various 91 

biomolecules in plant tissues (Gierlinger et al. 2007 and references therein). For 92 

example, coniferin related to cell wall lignification was identified in Chamaecyparis 93 

obtusa by this technique (Morikawa et al., 2010). Raman microscopy was also used to 94 

detect flavonoids such as aspalathin from Aspalathus linearis (Baranska et al., 2006) 95 

and carotenoids and flavonoids from Viola × wittrockiana (Gamsjaegaer et al., 2011). 96 
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Furthermore, several reports showed the in situ detection of crystals at subcellular level 97 

using Raman microscopy. A single carotenoid crystal was identified from carrot 98 

(Daucus carota) cells (Baranska et al., 2011) and intracellular calcium oxalate crystals 99 

were detected from geraldton waxflower (Chamelaucium uncinatum; Macnish et al., 100 

2003), which showed that Raman microscopy is a suitable for identifying chemical 101 

component of individual crystals presented in living cells of plants.. 102 

In this study, we demonstrated that Raman microscopy fulfilled the demands for 103 

the in situ detection and identification of hesperidin crystals in the peels of C. unshiu 104 

fruits for the first time. We also investigated the distribution and the morphology of the 105 

crystals by light microscopy and scanning electron microscopy (SEM).  106 

 107 

Experimental 108 

Materials and reagents 109 

Immature fruits of satsuma mandarin (C. unshiu Marc. cv. Aoshima) were sampled in 110 

September 2012, approximately 110 days after flowering, and mature fruits were 111 

sampled in December 2012 at approximately 200 days after flowering from an orchard 112 

at the National Agriculture and Food Research Organization Institute of Fruit Tree 113 

Science in Shizuoka Prefecture, Japan. All fruits were frozen and stored at -20º C until 114 

the analyses were conducted. Standards of hesperidin and narirutin were purchased from 115 

Extrasynthese S.A. (Genay, France). Analytical grade reagents and solvents were used.  116 

 117 

Sample preparation 118 

Frozen fruits of C. unshiu were sliced with a hand knife, and the peels were separated 119 

from edible parts. Sections (section 1 and 2; Fig. 1) of small cubes of peel measuring 120 
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approximately 5 mm per side were prepared with thicknesses of approximately 30, 40, 121 

50 and 70 μm using a sliding microtome (Yamato Koki Ltd., Asaka, Japan). The 122 

sections were stained with borax methylene blue solution [1.0% (w/v) methylene blue in 123 

1.0% (w/v) borax] for light microscopy or air-dried for SEM observation. For Raman 124 

microscopy, the sections were placed on a glass slide with a drop of distilled water, 125 

covered with a coverslip, and sealed with nail polish to avoid evaporation of distilled 126 

water during measurements. 127 

 128 

Light microscopy 129 

Sections were stained with borax methylene blue solution for 1 min at room temperature, 130 

washed with ethanol three times, passed through xylene and mounted in Canada balsam. 131 

Distribution of hesperidin crystals were observed under a light microscope (Olympus 132 

BX51, Tokyo, Japan). The cells and crystals from the image of immature peel section 133 

were manually traced using Adobe Photoshop and their diameters at the maximum and 134 

minimum equators were measured by the ellipse approximation using NIH ImageJ 135 

1.48v program (developed at the United States National Institutes of Health and 136 

available on the Internet at http://rsb.info.nih.gov/ij/). 137 

 138 

Fluorescence microscopy 139 

Some sections were observed using a fluorescence microscope (Olympus BX51, Tokyo, 140 

Japan) with an Omega XF06 filter set consisting of a exciter XF1005 (365WB50), 141 

dichroic XF2001 (400DCLP) and emitter XF3002 (450DF65; Omega Optical Inc., 142 

Brattleboro, VT, USA). 143 

 144 
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Scanning electron microscopy (SEM) 145 

Immature fruit peel sections were sputter-coated with gold using an ion coater 146 

(JEE-1100E, JEOL Ltd., Akishima, Japan) and observed using a SEM (JSM-6060, 147 

JEOL Ltd., Akishima, Japan) at an accelerating voltage of 5 kV. 148 

 149 

Raman microscopy 150 

The equipment and protocols used were reported by Morikawa et al. (2010). A Raman 151 

microprobe spectrometer (LabRam HR 350V, Horiba Jobin Yvon, Kyoto, Japan) 152 

equipped with a confocal microscope (Olympus BX40) and an air-cooled 153 

charge-coupled device detector (Andor Technology, Belfast, Northern Ireland) was 154 

employed for the analysis. A 633 nm laser was used to excite the sample through a 50X 155 

objective (Olympus, MPlan, 50X/N.A. 0.75). The laser power was 6.7 mW at the 156 

samples, integration time was 1.0 sec and the number of accumulation was 50. The 157 

confocal aperture was 800 µm. Spectral data in the range of 400-3200 cm-1 were 158 

analyzed by LabSpec 4.18 software with baseline correction. Raman spectrometer was 159 

calibrated with the spectrum at 520 cm-1 from silicon wafer and the peak position 160 

accuracy was estimated by triplicate measurements of hesperidin and narirutin standards. 161 

Raman spectra were taken from crystalline materials in 50 μm thick sections (section 2) 162 

after repeated laser irradiation to decrease background fluorescence from the section 163 

that disturbed the detection of the unique hesperidin spectrum. The crystalline materials 164 

were also collected from sections soaked in 50 μL of distilled water and ultrasonicated. 165 

Spectra of the collected crystals were taken for comparison. For positive controls, 166 

standards of hesperidin and narirutin were also analyzed. All scans were repeated to 167 

obtain suitable signal-to-noise ratios. 168 
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 169 

Results and discussion 170 

Distribution of crystals in C. unshiu peels observed by light microscopy 171 

Light micrographs of the 40 and 50 µm thick sections (section 1 and 2) of C. unshiu 172 

peels are shown in Fig. 2. Citrus peels consist of a colored outer layer containing oil 173 

glands called the flavedo and an inner white spongy layer called the albedo. The albedo 174 

layer accounted for larger areas than the flavedo layer in the immature peel but were 175 

more fragile in the mature peel. In the flavedo tissue, the oil glands enlarged as the peels 176 

matured. Innumerable green-stained structures were observed in the immature peel; 177 

however, fewer and smaller green-stained structures were present in the mature peel 178 

(Fig. 2). The structures showed crystalline properties that were confirmed using 179 

polarizing light microscopy (data not shown). In particular, the crystals accumulated in 180 

areas surrounding vascular bundles, around the border between the flavedo and the 181 

albedo layers (Fig. 2a, b, 3a), and just below the epidermal cells (Fig. S1). 182 

Occurrence of the crystals correlated with immature peel sections thicker than 40 183 

μm, however the number of observed crystals significantly decreased in 30 μm sections 184 

(data not shown). The measured diameters at the maximum and minimum equators of 185 

cells from the 40 µm thick section (section 2) of the immature peel were 44.2 ± 4.7 and 186 

34.2 ± 3.9 μm (n = 20), respectively. And those values of the crystals were 45.3 ± 20.1 187 

and 35.8 ± 14.4 μm (n = 45), respectively. These results suggested the appropriate 188 

thickness of the peel section was approximately over 40 μm for observing the proper 189 

distribution of the crystals. In the mature peels, there was no clear relationship between 190 

the number of crystals and the thickness of the sections.  191 

The distribution of the crystals was not homogenous in immature peel sections 192 
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(Fig. 2a, b), making it difficult to quantify the density. In mature peel sections, albedo 193 

tissues were too fragile to section using the sliding microtome (Fig. 2d, e). Although a 194 

paraffin-embedding protocol may be an alternative sectioning method, the loss of 195 

crystals in thin sections under 30 µm might preclude obtaining accurate distribution data 196 

using this protocol. 197 

     The solubility properties of the crystals in the sections were investigated. The 198 

crystals were found to be insoluble in distilled water but soluble in dimethyl sulfoxide 199 

(DMSO) (Fig. 3a, b). Hesperidin showed a poor water solubility (4.95 ± 0.99 μg/mL; 200 

Majumdar and Srirangam, 2009) and DMSO and DMSO/methanol (1:1, v/v) were often 201 

used as solvents to extract hesperidin for quantitative analyses (Lee, 2000; Nogata et al. 202 

2006; Inoue et al., 2010). Therefore, the properties of the crystals were similar to those 203 

of hesperidin. The comparatively strong fluorescence of sections decreased significantly 204 

after soaking the section in distilled water for a few hours, leaving only the weak 205 

intrinsic fluorescence of lignin in the vascular bundles (Fig. 3c, d). Because the crystals 206 

showed little fluorescence and remained still in the sections after washing with distilled 207 

water, this result suggested that there were other fluorescent components besides the 208 

crystals in the peels. We are now investigating these water-soluble and fluorescent 209 

compounds for the identification as one of our future issues. 210 

 211 

Fine structure of crystals observed by SEM 212 

SEM observations yielded minute descriptions of the crystals accumulating in the peel 213 

(Fig. 4). Needle-shaped crystals aggregated to form clusters of spherical crystals, which 214 

were attached to the cell walls (Fig. 4a-c). The needle-shaped crystals were 215 

morphologically consistent with the structure of the hesperidin standard crystal (Fig. 216 
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4d). 217 

 218 

Comparison of Raman spectra of crystals, hesperidin and narirutin 219 

Raman spectra were taken from crystals in immature peels of C. unshiu and compared 220 

to the spectra of hesperidin and narirutin standards (Fig. 5, S2). When hesperidin and 221 

narirutin standards were analyzed, the peaks at 764 and 1607 cm-1 were found in the 222 

spectrum from hesperidin standard and the peak at 812 cm-1 was found in that from 223 

narirutin standard (Fig. 5c, d). The ranges of the main seven Raman peaks from 224 

hesperidin standard and the six peaks from narirutin standard by triplicate 225 

measurements were 6.2-0.2 and 3.4-0.1 cm-1, respectively. Therefore, hesperidin 226 

standard showed two specific Raman peaks and narirutin standard showed one specific 227 

peak, which suggested that these two standards are distinguishable by Raman 228 

microscopy. Then, the Raman spectrum of a crystal in the peel section was compared to 229 

those of the standards and these spectra were found to be similar (Fig. 5a, c). The main 230 

peaks from the crystal at 767, 1296, 1604, 1644, 2895, 2935 and 3079 cm-1 were 231 

equivalent to the peaks from the hesperidin standard at 764, 1293, 1607, 1638, 2897, 232 

2933 and 3074 cm-1, respectively (Fig. 5a, c). The gap of their Raman shift between the 233 

crystals and hesperidin standard were within the range of the main Raman peaks from 234 

hesperidin standards in triplicated measurements (6.2-0.2 cm-1). Therefore, these results 235 

strongly suggested the main component of the crystals to be hesperidin.  236 

In Raman spectra taken from aromatic compounds, the aromatic C-H our-of-plane 237 

deformation vibration is assigned to the spectra in the region 900-650 cm-1 and aromatic 238 

C-H and ring C=C stretching vibrations are assigned to them in the region 3080-3010 239 

cm-1 and 1625-1590 cm-1, respectively (George, 2001). According to the knowledge, the 240 
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Raman peaks shown in Fig. 5 of hesperidin and the crystals in peel cells at 764/767, 241 

3074/3079, and 1607/1604 cm-1 are due to the C-H our-of-plane vibrations of the 242 

aromatic ring and the stretching vibration of C-H and C=C bonds, respectively. The 243 

Raman spectra of crystals isolated from sections by ultrasonication were compared to 244 

the spectra of the crystals remainded in situ (Fig. 5a, b). Both spectra had common 245 

peaks corresponding to the spectrum of hesperidin standard and there was no significant 246 

influence of the background using Raman microscopy. 247 

 248 

Localization of hesperidin crystals and the prospect of their dynamics and roles in 249 

plants 250 

The hesperidin content of immature and mature C. unshiu peels was reported to be 64.3 251 

± 0.5 mg/g fresh weight (FW) and 18.8 ± 0.1 mg/g FW, respectively (Inoue et al., 2010). 252 

Nogata et al. (2006) reported that there is a lower concentration of hesperidin in the 253 

flavedo layer than in the albedo layer in several kinds of mature Citrus fruits. Moriguchi 254 

et al. (2001) showed that the hesperidin content decreased with the ripening of C. 255 

unshiu fruits; the hesperidin content in the albedo layer was 60 mg/g FW and decreased 256 

to 30 mg/g FW during maturation, whereas the hesperidin content of the flavedo layer 257 

decreased from 20 to 10 mg/g FW during fruit development. The distribution pattern of 258 

crystals identified by our light microscopy analyses was consistent with the results of 259 

the quantitative component analyses reported by Moriguchi et al. (2001), Nogata et al. 260 

(2006) and Inoue et al. (2010). Although most analytical studies used ground tissue 261 

samples for extraction provide several quantitative data, they might lose detailed 262 

information about the distribution pattern of components. In situ detection of 263 

components compensates for the quantitative analyses and provides a more 264 
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comprehensive understanding of the dynamics, localization and role of the components 265 

in plant.  266 

Numerous crystals of hesperidin sometimes were located around the vascular 267 

bundles of immature peels (Fig. 2a, 3a). Cornara et al. (2009) also showed that 268 

hesperidin and diosmin crystals were mainly located near the phloem and in vessels of 269 

the vascular bundles of C. maritimum leaves and suggested the intercellular transport of 270 

these flavonoids. Long distance movement of flavonoids through the vascular systems 271 

of plants is controversial. Castillo et al. (1992) showed that neohesperidin and naringin 272 

were in the phloematic fluids of Citrus aurantium. However, hesperidin is 273 

water-insoluble and is assumed to crystallize near the synthesized position. It may be 274 

plausible that substrates, such as sugars, are transported through vascular bundles and 275 

utilized for the synthesis of hesperidin in the nearby cells, which leads to the aggregated 276 

crystals observed near the vascular bundles.  277 

In the flavedo layer of Citrus clementina, Matas et al. (2010) showed that several 278 

flavonoid biosynthesis related genes are expressed predominantly in the epidermal cells 279 

and not in sub-epidermal cells of the peels. Comparing to our results, this gene 280 

expression pattern may approximetly correspond to the distribution pattern of 281 

hesperidin crystals in immature C. unshiu peels that comparatively large clusters of 282 

crystals were observed just below the epidermal cells but not in the sub-epidermal cell 283 

layer (Figure S1). In the albedo layer of C. unshiu immature peels, in contrast, larger 284 

clusters of hesperidin crystals were accumulated particularly in the outer albedo layer or 285 

around the border between the flavedo and albedo layers (Figure 2b). The difference of 286 

flavonoid biosynthesis related gene expression pattern within the albedo layer has not 287 

been reported and could be an interesting theme. 288 
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Among several roles proposed for hesperidin in plants, Homma et al. (1992) and 289 

Alves et al. (2009) suggested that the needle-shaped crystals could respond to infections 290 

by Diaporthe citri and Xylella fastidiosa in C. unshiu and C. sinensis, respectively. The 291 

crystals, which were identified as hesperidin by Homma et al. (1992) but have not yet 292 

been characterised by Alves et al. (2009), filled up the xylem vessels of infected fruits 293 

and leaves and obstructed the penetration of fungal hyphae or the formation of biofilm 294 

by the bacterium, respectively. In these cases, in situ detection and identification of 295 

hesperidin crystals by our methodology would be an effective means to identify the 296 

crystals. We also verified the presence of hesperidin crystals in healthy fruits of C. 297 

unshiu, therefore other functional roles of hesperidin should be considered in future 298 

investigations. 299 

In this study, we focused on the characteristic property of hesperidin to form 300 

clusters of spherical crystals in C. unshiu peels, thereby facilitating the in situ detection 301 

and identification of the crystals as hesperidin for the first time. Furthermore, the 302 

detailed distribution pattern of hesperidin crystals observed in this investigation 303 

provided some clues of comprehensive understanding about the dynamics and/or the 304 

roles of hesperidin in Citrus that may also offer insights into the unknown functional 305 

roles of flavonoids in plants.  306 

 307 
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FIGURE  1 

 2 

Figure 1. C. unshiu immature fruit. A section (left; section 1) and a section (right; 3 

section 2) of C. unshiu fruit. The regions in rectangular boxes identify examples of 4 

sampling locations for sections. 5 

 6 
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 8 
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Figure 2. Light micrographs of the sections taken from C. unshiu peels. Sections 10 

(section 1: a, d; section 2: b, c, e, f) of the immature (a-c) and mature (d-f) peels were 11 

stained with a borax methylene blue solution. Numerous green-stained structures in the 12 

sections represent the crystals and the squares in (b) and (e) represent magnified images 13 

shown in (c) and (f), respectively. Arrowheads show the presence of vascular bundles 14 

(Vb). (a-c) section thickness = 40 µm and (d-f) section thickness = 50 µm. 15 

 16 
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 17 

Figure 3. Light and fluorescence micrographs of sections (section 1) of C. unshiu 18 

immature peels. Numerous crystals were observed around the vascular bundles (Vb) in 19 

a section soaked in distilled water (a), but after washing with DMSO, the crystals were 20 

not observed in the section (b). An air-dried section (c) had strong fluorescence in broad 21 

areas in the albedo, but after washing with distilled water, only the fluorescence of the 22 

vascular bundles containing lignin remained (d). (a-d) section thickness = 50 µm. 23 



 4 

 24 

Figure 4. SEM micrographs of sections of C. unshiu immature peel and a hesperidin 25 

standard. In the immature peel of 50 µm thick sections (a-d), numerous needle-shaped 26 

crystals (b) aggregated to form spherical crystals (a, c) and many clusters were attached 27 

to the surface of the peel section (a). Needle-shaped crystals from a hesperidin standard 28 

(d).  29 
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 38 

Figure 5. Raman spectra from a crystal in a section of C. unshiu immature peel, another 39 

crystal collected using ultrasonication, hesperidin and narirutin standards. Wavenumbers 40 



 6 

of the major peaks are indicated for each spectrum, crystals in peels (a), collected 41 

crystals (b), hesperidin standard (c) and narirutin standard (d). The white arrow in the 42 

inset of (a) shows the position where the crystal spectrum was taken. The spectral data 43 

shown are baseline corrected. 44 

 45 
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Supplementary material    

 

Figure S1. Light micrographs of the sections taken from C. unshiu peels. Sections 

(section 1: a, b; section 2: c, d) of the immature peels were stained with a borax 

methylene blue solution. Large cluster of the crystals were found just below the 

epidermal cells. (a-d) section thickness = 40 µm. 

 

 

 

 

 

 

 

 



 

Figure S2. Original Raman spectra from a crystal in a section of C. unshiu immature 



peel, another crystal collected using ultrasonication, hesperidin and narirutin standards. 

Wavenumbers of the major peaks are indicated for each spectrum, crystals in peels (a), 

collected crystals (b), hesperidin standard (c) and narirutin standard (d). 
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