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Abstract: A handheld Raman spectrometer was used to determine the ripeness of peppers. Raman
spectra were recorded non-invasively on the fruit surface. The spectroscopic data were transformed
into a classification scheme referred to as the maturity index which allowed for attribution of the fruit
stadium to four levels from immature to fully mature. Hot pepper and tomato ripening includes pectic
polysaccharide depolymerization, chlorophyll degradation and carotenoid formation, among others.
The latter were followed non-invasively by Raman spectroscopy. Two portable systems and one
benchtop system were compared for their applicability and robustness to establish a suitable maturity
index. Spectral acquisition, data treatment and multivariate data analysis were automated using
a Matlab script on a laptop computer. The automated workflow provided a graphic visualization
of the relevant parameters and results on-site in real time. In terms of reliability and applicability,
the chemometric model to determine the maturity of fruits was compared to a univariate procedure
based on the average intensity and ratio of three characteristic signals. Portable Raman spectrometers
in combination with the maturity index or a chemometric model should be suitable to assess the
stage of maturing for carotenoid-containing fruits and thus to determine ripeness on-site or during a
sorting process in an automated manner.

Keywords: handheld Raman spectrometer; ripening; maturity index; automation; carotenoids;
nondestructive sensing

1. Introduction

For the determination of the degree of fruit ripeness, no quantitative characteristics
or parameters are listed in EU quality standards. However, qualitative characteristics are
defined for the fruit-bearing cycle, e.g., the respiration increase or the development of
ethylene [1]. To assess fruit development and growth, various parameters such as pulp
color and pulp firmness are used [2-5]. Other parameters comprise starch degradation, the
Brix value, acidity and the sugar/acid ratio [4]. On a cell-size scale, the depolymerization
and size of pectic and hemicellulose polysaccharides were associated with fruit maturation,
particularly of tomatoes and hot peppers [6-8]. The determination of these parameters
except fruit size and base color can only be achieved by destruction of the fruit, such as
homogenization, extraction, staining or labeling, and at the expense of the producer. Fruit
ripening is the last phase of fruit development and is associated with increased respiration,
which is often accompanied by degradation of chlorophyll and increasing carotenoid
content [9,10]. A correlation between ethylene and abscisic acid levels at different stages of
ripeness was investigated for hot peppers [11].
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Raman spectroscopy has not been exploited to its full potential in food analysis,
although its application is increasing [12]. Raman techniques do not require the laborious
pre-treatment described above. Samples can be investigated at ambient temperature and
pressure [13]. The technique is fast and non-invasive and portable handheld spectrometers
allow spectral recording and testing the fruit on the plant or during sorting. Water has only
little or no response, unlike in infrared spectroscopy, such that fresh and dried fruits can be
analyzed. The Raman methodology also allows inspecting for food safety through a glass
or polymer packaging [14,15].

At the molecular level, one of the starting points of carotenoid synthesis is geranyl-
geranyl pyrophosphate (GGPP; Cy0Hj3607P;) [16,17]. As a first step in this pathway, two
GGPP molecules are condensed by phytoene synthase (PSY) into phytoene (C49Hgs) [18,19].
Through desaturation reactions of the enzymes phytoene desaturase (PDS) and (-carotene
desaturase (ZDS), the characteristic double bonds are formed, which lend the carotenoids
their intense color. Finally, the carotenoid cis-trans isomerase (CRTISO) forms the all-trans
lycopene, where the synthetic pathway separates. At this point, various lycopene cyclases
(LCY) start to produce either - or 3-carotene [9,20-23]. The different carotenoids have
been extensively studied in tomatoes and assigned to stages of ripeness using mobile
Raman spectroscopy [24,25]. Four to six classes of maturity were described, reflecting the
color from green to red [26-28]. The spectroscopic results were interpreted with the help of
advanced multivariate data analysis, such as soft independent modeling of class analogy
(SIMCA), artificial neural networks (ANN) and partial least squares regression (PLSR), to
achieve classification according to maturation. However, similar studies for hot peppers
have not been described.

The carotenoid pathway applies to all pepper species as can be recognized by the well-
known color change during maturing. The molecular transformations and the color change
do not only occur within the fruit on the plant, but also to already harvested fruit. Green
or yellow harvested fruits also turn red when adequately stored and allowed to continue
ripening. Since the degree of ripeness is related to the nutrients and to the carotenoid
content, Raman spectroscopy is particularly suitable for monitoring of the process [29-34].
It provides good sensitivity to carotenoids and is non-invasive, such that the fruit can
continue to evolve after analysis. Handheld or portable spectrometers are suitable for
on-site testing without sample preparation [35]. In this study, Raman carotenoid signals
typical for hot peppers are described and the signal evolution during maturing is followed.
A multivariate chemometric model and a straightforward univariate model are proposed
and compared, allowing a four-stage classification of the ripeness of hot pepper fruits.

2. Materials and Methods
2.1. Fruit Samples

Hot peppers were purchased as pot plants from a local building supplies store
(Hornbach, Krefeld, Germany). The plants grew at ambient humidity and temperature,
(22 £ 3) °C and 50% humidity according to laboratory settings. Ambient light conditions
were simulated using a Roleadro LED 300 W plant lamp (Shenzhen Houyi Energy Effi-
ciency Co. Ltd., Shenzhen, China). The lamp emitted red light at 610-615, 620-630 and
650-660 nm and blue light at 430440 and 450-470 nm with a red-to-blue intensity ratio of
4:1. Plants were sufficiently watered at regular intervals. Fruits were either investigated on
the plant or picked and sorted according to their current evolution state. For carotenoid
evolution monitoring, 21 hot peppers from 1 plant were investigated over a period of
110 days. For spectral intensity variability studies, fruits on plants or harvested were
selected accordingly. For principal component analysis (PCA) and maturity index (MI)
determination, 122 harvested hot peppers from 4 plants were investigated, yielding a total
of 1119 spectra. The tomatoes for comparison were obtained as picked fruits from a local
farmer (Carsten Knodt Gemuesebau, Toenisvorst, Germany) and investigated as received.
Each of the three stages of ripeness was represented by 10 fruits. The obvious fruit color
was noted and used for the referencing of PCA and MI.
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2.2. Spectroscopy

Raman spectra were acquired using a handheld Raman (h-RAM) spectrometer, IDRa-
man mini 2.0 (Ocean Optics, Orlanda, FL, USA). The spectrometer was powered either
from a laptop computer or using regular AA batteries. Its weight amounted to 380 g.
The h-RAM was equipped with a point-and-shoot adapter (Ocean Optics, Orlanda, FL,
USA).Using raster orbital scanning (ROS), the laser beam was moved following a circular
pattern with a diameter of 3 mm. The laser beam had a width of approximately 25 um.
Spectra were acquired from 400 to 2300 cm ! and the spectral resolution was 13 cm ™. The
laser excitation wavelength was 785 £ 0.5 nm with a power of 100 mW. As a second instru-
ment, a QE Pro Spectrometer Raman spectrometer (Ocean Optics, Orlando, Fl, USA) was
used operating at 638 nm and 35 mW with a 638 LAB FCA laser (Ocean Optics, Orlando,
FL, USA). An RIP-RPB-638-FC probe was coupled to the spectrometer. The spectra were
recorded with a resolution of 7-10 cm~! and a Raman range of 150 to 3150 cm~!. The soft-
ware OceanView 1.5.2 (Ocean Optics, Orlando, FL, USA) was used for spectral acquisition.
No sample preparation was required when using the two fieldable spectrometers, since
both the point-and-shoot adapter and the RIP-RPB-638-FC probe allowed measurements
on the fruit by positioning the probe tip close to the fruit surface. The exclusion of ambient
light using a blackened cardboard cylinder helped improve the signal intensity.

For comparison, Raman spectra were also recorded on an NXR FT-Raman module
(Thermo Scientific, Waltham, MA, USA). The module was connected to a Nicolet 6700 FT-IR
spectrometer (Thermo Scientific, Waltham, MA, USA). The spectra were processed using
Omnic software version 8.0 (Thermo Scientific, Waltham, MA, USA). For each measurement,
64 spectra were accumulated in the range of 100 to 3800 cm~!. The resolution was set
to 6 cm 1. The wavelength of the laser was 1064 nm with a power of 900 mW. For this
benchtop spectrometer, sample preparation required the excision of a part of the hot pepper
(10 x 10 mm) and positioning it in the spectrometer’s sample cell.

2.3. Data Analysis

The spectral raw data recorded with the Raman spectrometers were uploaded onto a
cloud and imported into Matlab R 2016b (MathWorks, Inc., Natick, MA, USA). Automated
spectral processing and preprocessing were applied. Spectral preprocessing was carried out
as weighted normalization using the standard normal variate (SNV) using Matlab together
with PLS_Toolbox version 8.2.1 for Matlab (Eigenvector Research, Inc., Wenatchee, WA,
USA). Spectra were also derivatized. Principal component analysis (PCA) was performed.
A number of 3 latent variables were applied, yielding the best results. The singular value
decomposition (SVD) algorithm was used for the PCA. Using a home-built Matlab script,
the peak intensities of the 3 major Raman bands were identified and used for computing
the four-level color-coded maturity index. The results were visualized, allowing instant
evaluation after spectral investigation.

3. Results and Discussion
3.1. Detection of Carotenoids by Raman Spectroscopy

In general, chlorophylls show only very weak Raman responses. Carotenoids, on the
other hand, provide very intense Raman signals, so that even small amounts in biological
samples such as fruits can be detected. This characteristic feature is important to help detect
and compare carotenoid contents in the very early stages of hot pepper maturation. In this
respect, only the still completely green hot peppers showed no carotenoid signals at all. In
Figure 1, Raman spectra of hot peppers are shown depending on the maturation process
of the fruit on the plant. The important and intense carotenoid bands were observed in
the range of about 800 to 1600 cm~!. Most bands of green peppers can be assigned to
chlorophyll, polysaccharides and waxes, which are present in the cuticular of the fruit.
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Figure 1. Raman spectra of hot peppers during the maturation process obtained with handheld
Raman spectrometer at 785 nm laser wavelength [13,23,31]. Unripe pepper (green), ripening pepper
(yellow) and fully ripe fruit (red) are each represented by four deliberately selected spectra.

The band at about 860 cm ™! could be assigned to a C-O-C asymmetric stretching
of the glycoside linkage in acidic pectins [29,36]. The weak band at 1327 cm ™! was at-
tributed to chlorophyll a which is known for the highest intensities in a neat chlorophyll
spectrum [10,13]. The most intense bands in the spectrum were assigned to the carotenoids,
observed at 1150-1170 and 1500-1550 cm~!. The band is due to the in-phase C=C as well
as C-C stretching vibration of the polyene chain. In the range of 1000-1020 cm ™!, methyl
groups attached to the polyene chain were recognized, showing moderate intensity [23].
Schulz et al. demonstrated the dependence of a peak shift in the range of 1510-1536 cm ™!
on the number of conjugated C=C bonds [10,16,37]. The complete assignment of the
predominant bands in Raman spectra of hot peppers is given in Figure 1.

3.2. Influence of Excitation Wavelength, Resolution and ROS Technology

For the automated determination of the ripeness of the fruit, a Raman spectrometer
with suitable features should be used; it needs an appropriate excitation wavelength and
sufficient resolution paired with the highest possible robustness. Three different Raman
spectrometers were used to determine the degree of ripeness of the fruit (for spectral
comparison, see Figure 2).

The three characteristic carotenoid signals at 1001, 1156 and 1515 cm~1 were detected
using the three spectrometers with laser wavelengths at 638, 785 and 1064 nm. The
spectrum with the laser wavelength at 638 nm suffered from strong fluorescence, so that
an extended spectral editing was required. While the fruit surface contains a variety
of compounds, the interference stemmed presumably from chlorophylls showing broad
absorbance around 662 nm. However, the intensities after background correction remained
significantly lower compared to the results of the other two spectrometers. The resolution
of the instrument having the laser at 1064 nm amounted to 6 cm ! and was much better
than that of the handheld instrument. However, it was a benchtop device for laboratory
use and was therefore not suitable for field or on-site use. The spectrum recorded with the
handheld device having a laser wavelength of 785 nm displayed more intense signals and
an enhanced signal-to-noise ratio as would be expected due to the wavelength dependence
of the Raman intensity (A*). The excitation wavelength was sufficiently red-shifted not
to fall within the steeply declining carotenoid absorption in the visible range. The most
commonly available 785 nm Raman laser proved indeed the best choice due to the lack
of interference and the most available sensitivity. In addition, the raster orbital scanning
technology contributed to improved sensitivity due to averaging over a wider area of
the fruit surface [38]. The narrow, focused laser beam followed a circular motion over
a larger sample area to yield a better resolution and intensity since an alternating color
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was observed over the fruit surface due to the maturing process, which the raster orbital
scanning (ROS) technology took into account better than the sampling technique of the
other Raman spectrometers. Thus, the handheld spectrometer was judged more suitable
for field use to determine the degree of ripeness. In addition, the spectrometer was coupled
directly with a laptop for spectrometer control and evaluation software.

Intensity, a.u.

900 1000 1100 1200 1300 1400 1500 1600 1700

Raman shift, em™!

Figure 2. Comparison of the Raman spectra of a hot pepper using instruments with different laser
wavelengths. Spectra of mobile spectrometer with laser wavelength at 638 nm, 1 acquisition at
1 spot (blue), handheld spectrometer at 785 nm, ROS with averaging of 1 acquisition each at 10 spots
(orange) and benchtop spectrometer at 1064 nm, 64 acquisitions (yellow).

3.3. Development of Carotenoid Concentration during Maturation

To assess the maturation level, immature green peppers were monitored over a period
of 110 days using Raman spectroscopy. A spot on the surface of the fruits was labeled
to ensure measurement at the same position during the observation period. Due to a
visible change in color after a few days, a significant increase in the carotenoid signals was
expected and found, cf. Figure 3. Over time, the fruit grew fully mature and overripe and
dried, and hence carotenoid signals were observed with decreasing intensities.
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Figure 3. Ripening process of hot peppers as observed through the averaged signal intensity at 1001
(yellow), 1156 (blue) and 1515 cm ! (orange) in the Raman spectra of three immature, harvested fruits.

There was a clear increase in the three characteristic carotenoid signals after three
days. Within the following seventeen days, discoloration of the fruits from green to
red occurred. During the remaining days, the characteristic red color persisted, but a
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continuous decrease in the carotenoid bands was observed. From the 50th day onwards,
the intensities remained constant at a rather low level. This was traced back to the drying of
the fruit and the continuous degradation of the carotene, which preceded and accompanied
the fruit deterioration. The long-term experiment demonstrated that the build-up and
disintegration of carotenoids could be followed by Raman spectroscopy and that the
discoloration from green to red corresponded to a change in the carotenoid levels.

3.4. Variabilities of the Raman Band Intensities

Since the maturation process of tomatoes has been studied intensely [30,31,39], 30 hot
peppers were compared to the same number of tomatoes. Each species was represented by
10 fruits of the categories immature, maturing and fully matured fruits, see Table 1. The
categories were related to green, orange and red fruits, respectively.

Table 1. Inter-fruit variations of the Raman band intensities at 1500 cm ™! within 10 fruits of each category (green, orange

and orange/red, red, see below) and species.

Species Peppers Tomatoes
Color Green Orange Red Green Orange Red
Mean value 3.6 x 102 2.1 x 103 7.5 x 10% 1.2 x 102 3.2 x 102 5.5 x 102
Std. deviation 9.3 x 10! 2.0 x 103 49 x 10° 6.2x 10! 1.0 x 102 1.9 x 102
Minimum 2.2 x 102 2.8 x 102 1.6 x 103 2.1x 101 1.6 x 102 2.2 x 102
Maximum 5.9 x 102 94 % 10° 1.8 x 10% 2.3 x 102 5.1 x 102 1.0 x 103

A comparison of the intensity values revealed a higher carotenoid content within
the peppers than within the tomatoes, which might be due to the higher water content of
tomatoes, thus a lower carotenoid concentration. The intensity also increased along with
the ripening process from green to red. Both green hot peppers and green tomatoes showed
low variations within their sample group of 10. The variations increased significantly
during the ripening process. This was explained as due to the fact that fruits of the
category orange showed features of different stages of ripeness. The discoloration played
an additional role, as the green chlorophyll masked the red carotene and hence led to an
obvious lower concentration of the carotene. Hence, the standard deviation of orange and
red peppers was almost as large as the mean of all samples in this category.

Since the inter-fruit variation appeared somewhat large, the intra-fruit variability
was investigated. Five different measuring locations were defined on single fruits. A ripe
pepper was compared with a red tomato, i.e., a ripe tomato, see Table 2. Each test point
was examined as a triple measurement using the same parameters.

1

Table 2. Intra-fruit variations of Raman band intensities at 1500 cm™" measured as triplicates on

5 spots each on a hot pepper and tomato.

Species Pepper Tomato
Color Red Red
Mean value 1.3 x 104 6.5 x 102
Std. deviation 1.8 x 103 2.2 x 102
Minimum 1.1 x 103 3.8 x 102
Maximum 1.8 x 104 1.1 x 103

The carotenoid concentration was not found significantly different for the two fruits
at the distinct measuring locations. The intra-fruit variation proved comparable to the
inter-fruit variation within a color category as shown in Table 1. This is an important
finding since an automated analysis would not necessarily have to pay attention and aim
for a specific test point. It should hence be sufficient that the laser beam would be focused
on an intact area of the fruit surface. For a potential field application, the influence of the
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test location on the fruit surface on the maturity index to be calculated was furthermore
verified. Figure 4 shows the results of triple measurements carried out at five points using
the handheld spectrometer (blue) and the benchtop spectrometer (orange).
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Figure 4. Raman band intensities at 1500 cm~! and their variation as measured at five spots of a
single fully ripe pepper, cf. top picture and marked positions, using the mobile (blue) and benchtop
(orange) Raman spectrometers.

Intensities at 1500 cm ! recorded with the portable Raman spectrometer yield a mean
of 13.4 x 10* with moderate variation. The intensities observed in the spectrum of the
benchtop spectrometer were slightly higher, although the absolute intensity would not
affect the results with respect to the maturity index. Overall, the intensities displayed a
lower intra-spot variability of the multiple measurements as indicated by the error bars. The
inter-spot variations ranged for both instruments from 1.1 x 10* to 1.6 x 10* at 1500 cm ™!,
again with a lower variation in the case of the benchtop instrument. Near the stalk, no
significantly higher carotenoid concentration was found than at the other measuring points.
Inter- and intra-spot variability would greatly influence the results of a field measurement.
However, the low variability due to the selection of the test spot position and instrument
and the good precision within replicate measurements favor on-site use. It should also be
noted that the intra-spot deviation was smaller than the inter-spot variation, as would be
expected. Overall, the variations observed with both instruments were in a comparable
and acceptable range. The performance of the portable spectrometer seemed sufficient to
take advantage of the benefits of portability for field use, e.g., on a plantation.

3.5. Classification of Pepper Using Principal Component Analysis

Further, for a visual inspection based on the fruit color, the assessment of the maturity
level may be carried out in automated mode, e.g., if an automated sorting was envisaged.
Before a quantitative measure of such assessment is established, a qualitative procedure
using multivariate data analysis should be presented. To this purpose, principal component
analysis (PCA) was chosen, cf. Figure 5.
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Figure 5. PCA of 1119 spectra from 122 hot pepper samples at different ripeness levels. Top: Scores
plot representing the maturity categories fully immature (green spades), immature (yellow squares),
harvestable (orange circles) and mature (red triangles). Middle: Averaged preprocessed derivative
spectra of immature (green), harvestable (orange) and mature (red) fruits. Bottom: Loading vectors
of PC1 (blue, 75.2%) and PC2 (orange, 6.1%).

The scores plot visualizes the 1119 samples labeled according to their maturity cate-
gory, cf. Table 3. For PCA, preprocessed Raman spectra, i.e., derivative spectra, served as
the input matrix. From the representation of the first and second principal components,
it can be seen that immature (green) and fully ripe fruit (red) are well separated due to
the three major signals, cf. Figure 3. In particular, fully ripe fruits and, to some extent,
very immature fruits appear centered on the first component. In contrast, immature and
harvestable fruits are spread along the PC1 axis. However, ripening and harvestable fruits
(yellow squares and orange circles) are clearly distributed between the early growth and
the mature stage. This finding can be interpreted in that ripening fruits still have a higher
chlorophyll content and thus are more similar to immature fruits, cf. Figures 1 and 5. From
the loading vectors in Figure 5, it can be recognized that the carotenoid level exercises
the biggest influence on the spectral and thus ripeness distinction. Chlorophyll and dif-
ferent carotene species are reflected by higher loadings. Determination of the optimum
harvest time hence proved difficult when using qualitative PCA. An alternative method
might be sought in a univariate method which relies exclusively on the three characteristic
carotenoid signals and leads to a quantitative statement on the ripeness of the fruit.
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Table 3. Maturity index values, fruit colors and maturity levels for hot peppers.

Maturity Index Color Maturity
Fully immature
<2 green . o
continued ripening proposed
23 orange Immature
8 significantly lower carotenoid levels than full mature; further plant ripening recommended
Harvestable
34 orange/red might reach slightly lower carotenoid contents in the after-ripening than full ripening;
harvest possible, post-maturity recommended
Fully ripe/mature
>4 red

suitable for immediate consumption; storage not recommended

3.6. Maturity Index
1

The intensities of the characteristic carotenoid bands at 1156 and 1515 cm™" were
very similar in all measurement series, cf. Figure 1, while the intensities of the band at
1001 cm~! appeared with lower intensity but a proportional change referenced to the
other two signals. Exemplarily, a fully ripe fruit would show a slightly higher ratio when
the intensities of the two bands at higher wavenumbers were very large. Based on the
proportional evolution of the signal at 1001 cm ™!, the peak intensity ratio was taken as
a measure for ripeness. Hence, the level of ripeness could be assessed independent of
the absolute value of the obtained intensities. The calculated value is referred to as the
color-coded maturity index (MI), with the averaged intensities I, of the signals at x = 1156
and 1515 cm~! and the intensity of the signal at 1001 cm~! as a reference (see Equation (1)).

Iiis6 + Ii515
v 2+ oo M

The maturity index is hence dimensionless. As an advantage, the MI allows comparing
studies from different Raman spectrometers, since the effect of different intensities due to
different laser wavelengths and powers is compensated for.

The maturity index can provide an estimate of the carotenoid level and hence the
time of harvest. Previous work on tomatoes reported that harvesting too early might
result in lower carotenoid contents, while within this study, no significant differences were
observed for green peppers ripening on the plant and for those ripening post-harvest. The
calculated maturity index for hot peppers was compared to the fruit color at the time of
spectral recording. The values obtained could be assigned to four fruit color classes: green,
orange, orange/red and red. During the extensive study, 1109 spectra were recorded from
130 fruits on plants, suggesting that a finer graduation would be possible. An MI between
1 and 2 corresponded to green hot peppers. Reddish green and orange fruits exhibited
values with strong variation from 1 to 4. An MI between 3 and 4 indicated red fruits. Deep
red fruits were associated with an index of 4. Dried nearly brown hot peppers gave rise to
values above 4. It should be noted that a reference system for tomatoes may comprise five
or six stages [26,27]. For a feasibility study on hot peppers, an index comprising four levels
was considered sufficient. The MI values and assignments to color, ripeness and possible
harvest stadiums are listed in Table 3. The maturity states and possible harvest and storage
recommendations were extracted and adopted from literature data mostly on tomatoes.

Unripe peppers possess low amounts of carotenoids. They hence appear green due
to the predominant color of chlorophylls. When the fruit turns to orange-red, the color
becomes carotenoid-dominated. At this point, fruits may be picked and the evolution
proceeds detached from the plant or fruits may proceed ripening on the plant (see above).
Analysis of the Raman data revealed similar carotenoid levels for fruits that continued
maturing post-harvest and for fruits that continued maturing on the plant. In Figure 6, the
calculated maturity index was plotted versus the corresponding sample number of peppers
and tomatoes of different maturing stages. The index range can be divided into unripe
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fruits appearing mostly green (green), ripening fruits with a color change from green to
orange (orange) and fully ripe fruits colored red to dark red (red).
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Figure 6. Maturity index for each fruit sample calculated according to equation 1 for hot peppers (left) and tomatoes (right)
at different maturity stages. Color coding corresponds to visually perceived green (green), orange to orange/red (orange)
and red fruit (red), cf. Table 3.

Immature peppers were associated with a maturity index between 0.5 and 2. The
rather strong variation can again be explained in terms of the low carotenoid and higher
chlorophyll content, which gave rise to poor Raman spectra yielding low and hence
somewhat noise-afflicted intensity values. The index values of ripening peppers, immature
and harvestable, also varied, since at this stage, an uneven carotenoid distribution exists
along the fruit and thus inhomogeneous color gradients were perceived. The spectrum
and thus the index depended on the investigated spot on the fruit surface. Averaging
over several test spots did not reduce the variations to a larger extent, as was shown
above. However, a minimum value of about 2.3 could be recognized. Above this value, the
analyzed fruits started to display a reddish gloss.

The strong variation within the group of ripening fruits was hence due to the changing
colors. Some fruits had a red tip but were green otherwise. However, other fruits exhibited
a discoloration in the middle. The fully ripe state (red) was associated with a value of
4 or larger, while the index variation decreased significantly. The variation within this
group could be traced back mainly to the aging process of pepper, as some fruits were
already overripe.

The lower carotenoid concentrations in tomatoes as compared to hot peppers can be
traced back to the higher water content. The Raman intensities observed for both fruit
species were therefore different. As a consequence, the tomato maturity index assumed a
range different from the one obtained for hot peppers. Tomato fruits seemed immature up
to a value of 1.5. Due to the strong uneven discoloration, a similar variability occurred for
the ripening tomatoes as for the peppers. Unlike for peppers, a clear distinction between
the individual categories could not be recognized, cf. Figure 6. In summary, the maturity
index is specific for one fruit species. Values need to be determined specifically.

Within this study, a total of seven different visual color classes were discerned for hot
peppers. As a consequence of the spectroscopic performance, they were reduced to the
four categories indicated in Table 3. For tomatoes, no similar detailed classification was
achieved in contrast to previous studies [26,27]. Three categories as depicted in Figure 6
were attainable at this level. Again, the ripening fruit stage was the least well defined in
terms of the maturity index. The last 14 data points stemmed from overripe tomatoes,
which, through the different rotting processes, led to dispersed values of the maturity index.
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While the PCA model distinguished well between ripe and unripe hot peppers but
lacked the intermediate stages, one to two ripening categories could be defined using the
maturity index. Applying more sophisticated multivariate methods might overcome the
disadvantage. The signal variability due to the biological variation in the sample might
deteriorate the accuracy of such a chemometric model as well. Hence, the univariate
maturity index might be a simple alternative. Raman spectral recording, peak picking,
intensity extraction and average ratio computation are easily automated as well as single
value comparison to the calibrated index range.

4. Conclusions

The non-invasive determination of the maturity index enabled the assessment of the
maturation state of hot peppers. Using a handheld Raman spectrometer at 785 nm laser
wavelength, it was possible to investigate the maturation of the fruits. Raman spectra were
recorded on the same fruit during ripening and on fruits at different stages of ripeness.
Inter-fruit and intra-fruit variations were analyzed as well. Both variations occurred in the
same order of magnitude, demonstrating a robust measuring process. For the evaluation,
a Matlab script delivered the maturity index directly from the raw spectral data. A fast
direct estimate of the maturity state can hence be made on-site, allowing an automated
and non-destructive analysis, e.g., in a large greenhouse or at a storing facility. A more
detailed view of the fruit color and the discoloration at the measuring point needs to be
documented in order to adapt the maturity index for tomatoes. The study suggests that
maturity can be identified based on the carotenoid level for fruits other than tomatoes or hot
peppers. As a major advantage of Raman spectroscopy over colorimetric studies, valuable
information about organic molecules such as carotenoids and chlorophylls associated with
the ripening process can be obtained. It should also be possible to further identify the type
of carotenoids synthesized in the fruit by more detailed analysis of the Raman shifts.
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